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Abstract: Background: Low Emission Zones (LEZ) are an increasingly common 
but unevaluated intervention aimed at improving urban air quality and 
public health. We investigated the impact of London's LEZ on air quality 
and children's respiratory health.  
Methods: Sequential yearly cross-sectional study of 2,164 children aged 
8-9 years attending primary schools between 2009/10 and 2013/14 in 
central London following the introduction of London's LEZ. We examined 
the relationship between modelled pollutant exposures of nitrogen oxides 
-bronchodilator 
forced expiratory volume in one second (FEV1, primary outcome), forced 
vital capacity (FVC), and respiratory/allergy symptoms. We assigned 
annual exposures by each child's home and school address, as well as 
spatially resolved estimates for the 3-hours, 24-hours, 7-days prior to 
each child's assessment, to isolate long from short-term impacts.  
Findings: The percentage of children living at addresses exceeding the 
-3), fell from 98·7% 
(444/450) in 2009 to 34·0% (150/441) in 2013. Over this period, we 
identified a significant reduction (P<0·01) in NO2 at both roadside (-
1·35 (-2.09 - - -3year-1) and background locations (-0·97(-1.56 - 
- -3year-1), but not for PM10. We found no association between 
post-bronchodilator FEV1 and annual residential pollutant attributions. 
FVC, in contrast, was inversely correlated with annual NO2 (-00023 (-
0·0044, - -1m-3, P<0·05) and PM10 (-0·009 (-0·0175,-0·0005) 
-1m-3, P<0·05).  
Interpretation: Within London's LEZ smaller lung volume in children was 
associated with higher annual air pollutant exposures. Despite small 
improvements in air quality in highly polluted urban areas during the 
implementation of London's LEZ we found no evidence of a reduction in the 
proportion of children with small lungs over this period. Interventions 
that deliver larger reductions in emissions may yield improvements in 
children's health. 
Funding: NIHR Biomedical Research Centre at Guy's and St Thomas' NHS 
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Background: Low Emission Zones (LEZ) are an increasingly common but unevaluated 4 
intervention aimed at improving urban air quality and public health. We investigated the 5 
impact of London’s LEZ on air quality and children’s respiratory health.  6 
Methods: Sequential yearly cross-sectional study of 2,164 children aged 8-9 years attending 7 
primary schools between 2009/10 and 2013/14 in central London following the introduction 8 
of London’s LEZ. We examined the relationship between modelled pollutant exposures of 9 
nitrogen oxides (NOx, NO2) and particulate matter with a diameter of less than 2.5Pm (PM2.5) 10 
and less than 10Pm (PM10) and lung function: post-bronchodilator forced expiratory volume 11 
in one second (FEV1, primary outcome), forced vital capacity (FVC), and respiratory/allergy 12 
symptoms. We assigned annual exposures by each child's home and school address, as 13 
well as spatially resolved estimates for the 3-hours, 24-hours, 7-days prior to each child's 14 
assessment, to isolate long from short-term impacts.  15 
Findings: The percentage of children living at addresses exceeding the European Union 16 
limit value for annual NO2 (40Pgm-3), fell from 98·7% (444/450) in 2009 to 34·0% (150/441) 17 
in 2013. Over this period, we identified a significant reduction (P<0·01) in NO2 at both 18 
roadside (-1·35 (-2.09 - -0.61) Pgm-3year-1) and background locations (-0·97(-1.56 - -0.38) 19 
Pgm-3year-1), but not for PM10. We found no association between post-bronchodilator FEV1 20 
and annual residential pollutant attributions. FVC, in contrast, was inversely correlated with 21 
annual NO2 (-00023 (-0·0044, -0·0002) LPg-1m-3, P<0·05) and PM10 (-0·009 (-0·0175,-22 
0·0005) LPg-1m-3, P<0·05).  23 
Interpretation: Within London’s LEZ smaller lung volume in children was associated with 24 
higher annual air pollutant exposures. Despite small improvements in air quality in highly 25 
polluted urban areas during the implementation of London’s LEZ we found no evidence of a 26 
reduction in the proportion of children with small lungs over this period. Interventions that 27 
deliver larger reductions in emissions may yield improvements in children’s health. 28 
Funding: NIHR Biomedical Research Centre at Guy's and St Thomas' NHS Foundation 29 
Trust and King's College London; NHS Hackney; Lee Him donation. 30 
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Research in context 2 
 3 
Evidence before this study: Exposure to traffic pollutants has been associated with 4 
adverse health effects, especially in children, with the ESCAPE meta-analysis of data on 5 
5,921 children demonstrating that poor air quality (AQ) was associated with reduced lung 6 
function in pre-adolescent children. The introduction of Low Emission Zones (LEZ) has been 7 
proposed to improve AQ and improve public health. These operate either by restricting 8 
vehicle entry into urban areas, or through fixed penalties on polluting vehicles to encourage 9 
uptake of lower emission technologies. Despite the political and financial costs of LEZ 10 
implementation, the impact of these schemes on AQ and public health remains under-11 
studied. We searched MEDLINE from 2009 onwards using keywords ‘low emission zone’ 12 
AND / OR ‘traffic’, ‘air quality’ and ‘health’. These reviews showed LEZs do not consistently 13 
improve AQ, and impacts are small. Few studies addressed health impacts, and these have 14 
tended to rely on modelled predictions of AQ improvements. 15 
Added value of this study: We exploited London’s comprehensive monitoring network to 16 
evaluate the changes in air pollution following the introduction of the LEZ. Our study covered 17 
the tightening of emission controls within the LEZ in 2012, which occurred alongside 18 
national, regional and local policies to improve AQ. We based our study in 4 inner-city 19 
London boroughs, which were identified as non-compliant with EU annual NO2 limit values at 20 
the start of study. Despite the problems associated with vehicle non-compliance with 21 
emission standards over this period we demonstrated evidence of improvements in AQ. We 22 
also confirmed the previously reported association between pollutant exposures and 23 
reduced children’s lung volume. We observed some evidence of a reduction in rhinitis, but 24 
not asthma symptoms or the proportion of children with small lungs over the study period.  25 
Implications of all available evidence: Large scale LEZs can deliver improvements in 26 
urban AQ and these can be linked to changes in childhood respiratory health. However, 27 
more ambitious schemes than that evaluated here are required in many European cities to 28 
meet legislative limits and deliver improvements to respiratory health. 29 
 30 
(335-words) 31 





Air pollution is a leading cause of global mortality, with World Health Organization (WHO) 3 
estimates of seven million premature deaths partly attributable to air pollution in 2012, 4 
approximately one in eight global deaths(1) Of these, 3.7 million relate to outdoor air 5 
pollution. With increasing population growth and urbanisation, air quality (AQ) has emerged 6 
as an important determinant of public health within cities,(2-4) with the health burden falling 7 
disproportionately on disadvantaged populations who are less able to choose the 8 
environments in which they live.(5) Primary studies and systematic reviews have linked air 9 
pollution with adverse effects across the life-course,(6) from increased risk of pre-term birth 10 
(7) and incident childhood asthma,(8) to premature cardio-pulmonary mortality.(9)  Whilst 11 
urban air pollution reflects contributions from a range of local and regional sources, recent 12 
studies and reviews have highlighted the importance of traffic –related air pollutants on a 13 
range of health endpoints, with a particular focus in Europe on the contribution of diesel 14 
emissions to poor AQ.(6,10-12)  15 
 16 
Childhood and adolescence are periods of rapid growth during which organ systems are 17 
particularly susceptible to injury.(13) The ESCAPE meta-analysis of data on 5,921 children 18 
from five European birth cohorts showed poor AQ was associated with reduced lung function 19 
in pre-adolescent children.(14) Adolescents showed clinically important restrictions on lung 20 
growth and function in the southern California Children’s Health Study.(15,16) Even in 21 
relatively low pollution environments (Stockholm County, Sweden) lung growth in 22 
adolescents has been related to early life pollutant exposures.(17) Impaired lung 23 
development in childhood has impacts that carry into adulthood, with morbidity and mortality 24 
linked to reduced adult lung function.(18) A causal linkage between air pollution exposure 25 
and sub-optimal lung growth has further been supported by analysis of consecutive 26 
longitudinal cohorts in the Children’s Health Study, where the proportion of children with 27 
clinically small lungs fell as AQ improved between 1994-2011.(19) These data strongly 28 
suggest that policies designed to reduce air pollution can deliver a measurable health 29 
benefit. 30 
 31 
Low Emission Zones (LEZ), areas where the entry of polluting vehicles is restricted or 32 
penalised, based on emission standards, are often employed as the major component of 33 
emission control strategies.  London introduced the world’s largest city-wide LEZ in 2008. 34 
(box 1) Across Europe, some 200 LEZs are now in operation, with others in Asia, including 35 
Singapore and Tokyo. Despite the widespread application of LEZs to improve AQ there is 36 
5 
 
little evidence that LEZs reduce pollutant concentrations or improve health.(20-27) Holman 1 
concluded that LEZs operating in European countries had inconsistent effects on PM10 and 2 
NO2 concentrations.(26) Wang (28) found only six studies addressing impact of traffic LEZ-3 
type emission control interventions on health.(29-31) Of these, only one (31) gathered health 4 
data directly from individuals, finding negligible effects on respiratory symptoms. The 5 
remainder relied on modeling the effects of predicted (not necessarily achieved) emission 6 
reductions on health. In only two studies was health equity assessed, with opposing 7 
conclusions.(20,30) 8 
 9 
The implementation of London’s LEZ in 2008 provided the opportunity for a natural 10 
experiment to evaluate the impact of this emission-based mitigation strategy. In this study, 11 
our objective was to evaluate its impact by examining the relationship between pollutant 12 
exposures and respiratory health in school children living within highly polluted areas of 13 
central London over the period 2009-2014. Our aim was to test the hypothesis that 14 
improvements in AQ would be associated with improved respiratory health.  We focused on 15 
children living in areas currently failing to meet the current European Union nitrogen dioxide 16 
limit value (40Pg/m3 annual mean), over a period where improvements in AQ were predicted 17 
to occur because of improved emission controls on diesel powered heavy and light goods 18 
vehicles. 19 
  20 
 
Box 1: London Low Emission Zone 
 
London’s LEZ is roughly contiguous with London’s M25 orbital motorway, and 
encompasses approximately 8·5m residents. Its stated goal was two-fold, to 
“move London closer to achieving target air quality objective and limit values”, 
and “to improve the health and quality of life of people who work in and visit 
London, through improving air quality”.(32) 
The scheme was introduced in stages. Phase 1, introduced in February 2008, 
applied to diesel-powered heavy goods vehicles (HGVs) weighing greater than 
12 tonnes. Phase 2 followed in July 2008 applying to HGVs over 3.5 tonnes. 
Phases 3 and 4 were introduced simultaneously in January 2012, restricting 
access to heavier Light Goods Vehicles and mini-buses not meeting the Euro III 
standard, and increasing the restriction on buses, coaches and HGVs greater 
than 3.5 tonnes from emission standard Euro III to Euro IV.  In this paper for 
simplicity we refer to three phases of introduction, with phase three, 
encompassing the LEZ phases 3 and 4. For a fuller description of the LEZ we 
refer the reader to the review of Hollman et al (2015).(26) 
Over a 10-year horizon the predicted impact of the Low Emission Zone within 
Greater London was to regain 5,000 years of life that would otherwise have 
been lost, reduce by a quarter of a million the number of restricted activity days, 
reduce the severity of 300,000 acute respiratory episodes, and deliver health 







Study design and study population: We used a sequential cross-sectional study to avoid 4 
risks of attrition in a mobile inner-city population with a classical cohort design. We invited 28 5 
primary schools in the London boroughs of Tower Hamlets, Hackney, Greenwich and the 6 
City of London to participate, focusing on schools close to AQ monitoring stations to 7 
maximise the accuracy of exposure data, reflecting a range of distances from major roads, 8 
up to 500m. School locations are illustrated in figure 1. Within these schools, all Year 4 9 
children (aged 8-9 years) were invited to participate; there were no exclusion criteria. Data 10 
were collected during winter periods 2008/09 to 2013/14, with the 2008/09 visits acting as a 11 
pilot to evaluate the feasibility of performing bronchodilator lung function tests within the 12 
school setting and establish the required sample size for the full study (figure 2). This was 13 
deemed necessary due to increased evidence of over representation of certain ethnic 14 
groups with certain schools, due to parental choice.  15 
 16 
Information about the study was sent home in school bags with each child, along with a 17 
consent form and a questionnaire for parents to complete and return to the school. During a 18 
single study visit to each school each year, health assessments were conducted to examine 19 
lung function and collect biological samples – as outlined in supplementary table s1.  20 
Additional information on sex, age, ethnicity and residential address was obtained from 21 
school records. Socioeconomic status was assigned according to residential address using 22 
the Index of Multiple Deprivation (IMD). Height and weight were measured during the health 23 
assessment and the body mass index calculated. 24 
 25 
Ethics: Parents gave written consent and children verbal assent, to participate in the health 26 
assessment. The study was approved by the local research ethics committee (East London 27 
& The City HA Local Research Ethics Committee 2, REC Ref Number 08-H0704-139) and 28 
conformed to the standards set by the Declaration of Helsinki.   29 
 30 
Long and short-term exposure attributions: Exposures at residential and school address 31 
were estimated from annual (2008-2013) NOx, NO2, PM10 and PM2.5 maps of London 32 
employing the KCLurban model using the ADMS dispersion model v4 and road source 33 
model v2.3 (Cambridge Environmental Research Consultants 19),(33) measured hourly 34 
meteorological data, empirically derived NO-NO2-O3 and PM relationships and emissions 35 
from the London Atmospheric Emissions Inventory.(34) Full details of the model, including 36 
the treatment of sources and model performance (table s2) are provided in the 37 
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supplementary material. In this analysis, these annual exposure estimates were also 1 
weighted for periods spent at the home (H) and school (S) address points based on the 2 
following criteria: 84·4% of time at home, 15·6% at school, based on a 7-hour school day, for 3 
5 days per week, 39 weeks per year. Thus, each child’s weighted exposure was estimated 4 
by EH+S = 0.884×EH + 0·156×ES.  5 
 6 
Acute exposure estimates were derived at the address point by scaling annual mean 7 
concentrations according to a ‘Nowcast’ factor calculated for each pollutant for periods 8 
immediately prior to lung function evaluation. This factor is defined as the ratio between 9 
concentrations measured by a local subset of continuous air pollution monitoring sites in the 10 
prior period, and the annual mean of measurements at the same sites. For this study 11 
‘Nowcast’ scaling factors were calculated for the three-hour period immediately prior to the 12 
school day (6-9am), 24 hours and 7 days prior to the school visits to reflect both acute and 13 
sub-chronic exposure periods. To derive NOx and NO2, scaling factors measurements were 14 
averaged across 14-17 urban background and roadside sites within and surrounding the 15 
London Boroughs of Tower Hamlets and Hackney, based on data availability. For the PM10 16 
and PM2.5 scaling factors measurements from 9-13 and 14-20 background and roadside 17 
sites were averaged, respectively. A detailed description of the Nowcast methodology is 18 
presented in the supplementary material, together with details on model evaluation (tables 19 
s3-s5).  20 
 21 
Lung function assessments: Children’s respiratory function was assessed by spirometry 22 
(Microlab, Micromedical, Carefusion), performed by trained investigators according to 23 
American Thoracic Society/European Respiratory Society (ATS/ERS) guidelines with 24 
baseline and post-bronchodilator measurements, following salbutamol, 400 µg administered 25 
by large volume spacer. Each spirometry assessment aimed to obtain three acceptable and 26 
two repeatable attempts both pre- and post-bronchodilator. Quality control was based on the 27 
ATS/ERS guidelines, modified for children.  Spirometry data were quality controlled by three 28 
senior respiratory scientists, with one performing this role throughout the full 6-year duration 29 
of the study. Expanded details are provided in the supplementary material.  30 
 31 
Symptoms: Information on respiratory and allergic symptoms were collected using a parent-32 
completed questionnaire, based on the validated International Study of Asthma and Allergies 33 
in Childhood (ISAAC) questionnaire, as described previously.(27) Current and lifetime 34 
symptoms were defined as outlined in table 1. Information on the questionnaires was 35 
entered as recorded, regardless of apparent inconsistences. Unanswered questions were 36 
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coded as ‘missing’. Symptom prevalence was calculated by dividing the number of positive 1 
responses by the total number of completed questionnaires, as described previously.(27) 2 
 3 
Urine collection and analysis: Spot urine samples were collected for the determination of 4 
cotinine concentrations using a commercial microplate enzyme immunoassay (Cozart 5 
Forensic Microplate EIA for cotinine, product no. M155B1) from Concateno (Abingdon, UK). 6 
Urinary creatinine concentrations were also determined using a commercially available kit 7 
(Cayman Chemical Company, Ann Arbor, MI, USA). Exposure to environmental tobacco 8 
smoke was determined as a creatinine corrected cotinine value greater than 30ng/mg.  9 
 10 
Statistical analysis and sample size calculations:  Primary objective: The study was 11 
powered to demonstrate a 4% year-on-year improvement in FEV1 in year 4 school children 12 
living within London’s LEZ. Secondary objectives included assessing improvement in other 13 
lung function parameters: FVC and a reduction in respiratory symptoms, as assessed using 14 
the modified ISAAC questionnaire. The required sample size was established from data 15 
collected during the pilot year in 2008/09. These pilot data demonstrated the FEV1 to be 16 
1·71(SD=0·28) L, with valid measurements obtained from 150/202 (74·3%) of children. To 17 
detect a 4% increase in FEV1 from 1·71 to 1·78L in two successive years with 80% power at 18 
a 5% significance level would require 245 children per year under simple random sampling. 19 
Assuming 74·3% of children returned valid lung function measurements, the mean cluster 20 
size for analysis would be 22 children out of a class of 30. The design effect, based on an 21 
intra-cluster correlation coefficient of 0·03 was: 1 + (22-1) x 0·03  = 1·63, inflating the sample 22 
size to 400. Therefore, the number of classes to be sampled in the full study was calculated 23 
to be 400/22, 19 classes (rounded up from 18·2) 24 
 25 
Linear mixed models with a random effect for school were used to examine the effects of 26 
children’s air pollutant exposures, over prescribed intervals (6-9am on the day of the school 27 
visit, the 24-hour and 7-days previous and the annual values) on lung function outcomes, 28 
including a sensitivity analysis using pre-bronchodilator values. Baseline characteristics were 29 
selected a priori to be included in the models: age, sex, height, body mass index (BMI), self-30 
reported ethnicity (Asian, Black, White, Mixed/Other), socioeconomic status and exposure to 31 
environmental tobacco smoke. To assess the assumption of no change over time, the study 32 
year was also included as a covariate in the models.   33 
 34 
Respiratory and allergic symptoms were recoded as binary variables and their associations 35 
with annual air pollution exposures, adjusted for the covariates outlined above, were 36 
evaluated using mixed effects logistic regression. Study years were also included in the 37 
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model to account for any year-on-year changes. All statistical evaluations were based on the 1 
data from study years 1-5, though the impact of including the data from the pilot year was 2 
also examined as a sensitivity analysis. In addition, as this study was based on post-3 
bronchodilator lung function, we also examined the associations with pre-bronchodilator 4 
baseline lung function to allow comparison with previous studies using this approach only. 5 
Multi-pollutant models were performed, but due to the high correlation between the 4 6 
selected pollutants at each sampling interval across the study years (tables s6-s9) they 7 
were not informative. Statistical significance was assumed at the 5% level.  8 
 9 
All statistical analyses were performed using Stata 14.1 (StataCorp, College Station, TX, 10 
USA).  11 
 12 
Evaluation of air quality changes over the study period: To evaluate air pollution trends 13 
running annual mean concentrations (2006-2014) of the main criterion pollutants (NO2, PM10 14 
and PM2.5), plus NOx, were calculated for inner and outer London roadside and background 15 
locations, using a subset of the London Air Quality Network monitoring sites within and 16 
surrounding the study area. Additionally, for the period of the LEZ, linear tends were 17 
calculated using the Theil Sen estimator method, from monthly means, previously 18 
deseasonalized using the seasonal and trend decomposition technique, loess.(35) Forest 19 
plots were then produced for those sites having at least a 75% capture rate over the five-20 
year period, beginning 2008, ending 2013 and the overall trend was calculated by fitting the 21 
linear Random-Effects Model “DerSimonian-Laird estimator” as previously described.(36) 22 
 23 
Role of funding source: Funders had no role in the design, execution, analysis or 24 
interpretation or writing-up of the study. SB, NM, IM, CG and HW had access to the raw 25 
data. The corresponding author had full access to all of the data and the final responsibility 26 
to submit for publication 27 






Subject demographics: Across the full study, years 1-5, plus the pilot, 2,462 children were 4 
approached of whom 2,366 (96%) consented to the full health assessment. Of the 2,164 5 
children recruited into the full study running from the winter period 2009/10 to 2013/14, 6 
technically acceptable FEV1 (primary outcome) was obtained from 2,013 (table 2). Of these 7 
subjects, annual air pollution attributions were available for 1,981, with Nowcast adjusted 8 
acute exposure estimates available on 1,950 (figure 2). Full demographic details of the 9 
participating children are given in table 3. Overall there were slightly more girls (1146/2164, 10 
53·0%) than boys, with Asian, predominately Bangladeshi, being the largest ethnic group 11 
(820/2164, 37·9%). ETS exposure, assessed as a urinary cotinine concentration of 12 
>30mg/mg creatinine was observed in (332/2164) 15·3% of the cohort, but fell from (94/441) 13 
21·3% in year 1, to (50/438) 11·4% in year 5. A comparison of the demographic and 14 
exposure data for the children included (N=1,981) and excluded (N=183) from the primary 15 
analysis is included in supplementary table s10. This demonstrates that there was no 16 
systematic bias introduced through the exclusion of this group of children. In addition, key 17 
demographic details of the study boroughs over years 1-5 of the study are presented in 18 
table s11, demonstrating the representativeness of participants in relation to the 19 
demography of study boroughs. The associations between the demographic variables with 20 
lung function are summarised in supplementary table s12. For both FEV1 and FVC 21 
significant associations were observed with age, gender, sex, height and BMI, but not with 22 
index of multiple deprivation (IMD) score, or evidence of ETS exposure. Clear differences in 23 
lung function variables between the major ethic groups were observed with the White 24 
children having significantly larger FEV1 and FVC, followed by Asian and Black children. 25 
After controlling for all annual pollutant exposures there was no evidence of differences in 26 
lung function parameters between study years. 27 
 28 
Pollutant modelled attributions and measurements:  Annual maps for NO2 (figure 1), 29 
NOx (supplementary figure s1), PM10 (figure s2) and PM2.5 (figure s3) are illustrated with 30 
the attributed median and 25th and 27th quartiles exposures for the study participants 31 
summarised in table 4. Notably, modelled annual exposures were consistently higher for the 32 
home+school weighting reflecting the proximity of many schools to major roads. Whilst the 33 
individual annual exposure attributions over the five years of the study were broadly 34 
equivalent (table 4) an analysis of the data from monitoring sites within and surrounding the 35 
study area demonstrated evidence of improvements in AQ over the period 2006-2014, most 36 
markedly for NO2, with evidence of a downward trend, especially at the inner London 37 
11 
 
roadside (figure 3, panel D). No clear step changes in pollutant concentrations were evident 1 
following any of the various phases of the LEZ. To examine changes in AQ in greater detail, 2 
linear trends over the period 2008-2013 were calculated using the Theil-Sen method for a 3 
number of roadside and background sites. For both NOx and NO2, despite considerable 4 
heterogeneity between sites, there was clear evidence of a decrease in both roadside (-2·97 5 
(-4.44 - -1.45) and -1·35 (-2.09 - -0.61) Pg m-3 year-1) and urban background concentrations 6 
(-1·10 (-2.16 – -0.004) and -0·97 (-0.97 - -0.38) Pg m-3 year-1), figure 3, panels B, C, E and 7 
F. For NO2 this corresponded to an overall reduction of 6·75 and 4·85 Pg m-3 at roadside and 8 
background locations over the 5-year study period. Concordant with this observation the 9 
proportion of children living at addresses exceeding the EU limit value for NO2 fell across the 10 
study period, from 98.7% (444/450) in study year 1 to 34.0% (150/441) in study year 5, 11 
based on all children for whom modelled estimates were available. The picture for PM10 and 12 
PM2.5 was less clear, with no evident reduction at roadside sites (figure 4, panels B and E) 13 
and a suggestion of reduced PM2.5 at the single background site included in the analysis 14 
(figure 4, panel F).   15 
 16 
Lung function associations with modelled exposures: The relationships between post-17 
bronchodilator FEV1 and FVC, by year and aggregated across study years 1-5 are illustrated 18 
in figures 5 , panels Ai-Aiv and Bi-Biv respectively. For FEV1, associations were generally 19 
small with confidence intervals that spanned zero and failed to attain statistical significance. 20 
Inclusion of the data collected in the study pilot did not alter this picture (Supplementary 21 
table s13). In contrast, FVC was inversely associated with annual NOx, NO2 and PM10 22 
exposures (figure 5 panels Bi-iv, table s14), with no clear evidence of an impact of study 23 
year. Neither FEV1, nor FVC were associated with exposures on the morning of the 24 
assessment (6-9am), or in the previous 24 hours, but robust negative associations were 25 
observed in the 7-day average PM10 and PM2.5 exposures, figure 6. Data in figures 5-6 are 26 
expressed as change in volume (L) per Pg/m3 of pollutant exposure but are also illustrated 27 
per inter-quartile range annual exposures for FEV1 and FVC in table 5 for both home and 28 
home + school exposure attributions. As many previous studies examining air pollution lung 29 
function associations have employed lung function without bronchodilation we ran this as a 30 
post-hoc sensitivity analysis (supplementary table s15). Whilst the associations between 31 
annual pollutant exposure and FVC were attenuated and failed to attain statistical 32 
significance (P values ranging from 0·05 – 0·07, based on home exposures), the data 33 
revealed similar trends. The inverse relationship between 7-day average PM10 and PM2.5 34 
with reduced FEV1 and FVC were robust to using pre-bronchodilator values.  Despite the 35 
evidence of reductions in roadside and background NO2 and the association between annual 36 
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pollutants exposures and reduced FVC, we observed no clear reduction in the proportion of 1 
children with predicted lung function less than 80, 85 or 90% of predicted (supplementary 2 
figure s4), in contrast to the recently published observations of Gauderman et al.(19) 3 
 4 
Symptom prevalence: We found no evidence of significant associations between current 5 
and lifetime respiratory and allergic symptoms with annual pollutant attributions, 6 
supplementary figure s5. Of the symptoms examined, only current rhinitis symptoms 7 
showed some evidence of a positive association, consistent with earlier observations on 8 
children living within London.(24) We therefore examined the yearly associations in current 9 
rhinitis and lifetime asthma (supplementary figure s6). This analysis indicated that the 10 
prevalence of rhinitis fell markedly from the period of the pilot and the first year of the study 11 
onward. 12 





Statement of principal findings: Over the period covering the implementation of London’s 3 
LEZ we identified evidence of reduced NO2 and NOx concentrations at roadside and 4 
background locations within the study area, in the absence of improvements in PM10. The 5 
proportion of children living at locations failing to meet the EU annual limit value for NO2 (40 6 
Pg m-3) fell from 98·7 to 34·0% over the same period. Importantly, these measured changes 7 
in pollutant concentrations occurred in parallel to published evidence of good compliance 8 
with the tighter emission standards.(37)  In addition, there was no evidence that the 9 
compliance within London resulted in a displacement of more polluting vehicles to regions 10 
outside London’s LEZ.(37) Despite these improvements we observed evidence of reduced 11 
lung volumes in children associated with NOx, NO2 and PM10 annual exposures over the 12 
same period, with no evidence of a decrease in the proportion of children with small lung 13 
volumes for their age over the 5-year study. The associations with NOx and NO2 were 14 
independent of shorter term exposure estimates, suggesting that the reduced volumes 15 
reflected the longer-term impact of air pollution. Notably, despite the measured 16 
improvements, significant areas of inner and outer London remain above the EU NO2 Limit 17 
Value (Figure 1) and whilst we found evidence for improvements at roadside and 18 
background sites, at the current rate of change full compliance with EU limit values for NO2 19 
for London remains distant, without a significant tightening of current emission controls.    20 
 21 
Strengths and weaknesses of the study: The main strengths of our study included the 22 
intensity of both traffic exposures and coverage of the available AQ monitoring, including 23 
measurement sites specifically established to monitor the impact of the London’s LEZ. Our 24 
study took place in an area where a significant proportion of children live in areas failing to 25 
meet European Union targets for NO2 exposure, with the majority schools and residences all 26 
within 500m of busy roads. Our data, from 2009/10 onwards, covers a period when traffic 27 
fleets have become increasingly dominated by diesel vehicles, with associated problems of 28 
high NO2 concentrations and primary particle emissions. Consequently, our study is unique 29 
in reflecting the impact of a modern European city’s AQ environment. A key innovation of our 30 
study was the use of novel modelling of exposures that allowed us to differentiate effects of 31 
short, medium and long-term exposures on the same spatial scale. High quality lung function 32 
data; our use of post-bronchodilator values, provided reliable estimates of children’s lung 33 
capacities. Concerns about attrition in an urban mobile population meant we chose not to 34 
use a classic longitudinal cohort design. This restricted our capacity to directly address lung 35 
growth or to quantify improvements associated with improved AQ. Our study lacked a control 36 
14 
 
population, not subject to the effects of the LEZ, which was a weakness and our focus on 1 
inner city boroughs limited the range of exposure contrasts that would have been achieved 2 
by a broader geographical coverage. For NO2 and PM10 this was less of a problem as the 3 
exposure ranges were still large, but for PM2.5 we had relatively little exposure contrast. In 4 
addition, as our study did not commence until after the introduction of the initial phases of 5 
the LEZ in February 2008 it is likely that we have underestimated the impacts of the scheme. 6 
 7 
Interpretation of the findings in relation to other studies: The ESCAPE project examined 8 
the association between lung function data collected from children (aged 6-8 years) across 9 
five European cohorts, between 2002 and 2007 with annual pollutant exposures based on 10 
residential address using Land Use Regression models. In addition, the influence of short 11 
term exposures on the lung function measurements were assessed based on measurements 12 
made at regional and urban background monitoring sites. This analysis, with a combined 13 
population of 5,921 children, demonstrated annual exposures to NO2, NOx, PM10 and PM2.5 14 
were associated with significant reductions in FEV1. (14) The negative impact of primary 15 
traffic derived pollutants on children's lung function has recently been further reinforced by 16 
two US studies, where traffic exposures were associated with reduced FEV1 and FVC, 17 
(15,16) and in the Children's Health Study, by the demonstration that reductions in pollution 18 
delivered clinically meaningful improvements in FEV1 and FVC. (16)   19 
 20 
The present study confirms and extends these observations, demonstrating inverse 21 
associations between lung function and exposure to urban air, particularly to NOx and NO2, 22 
which are good proxies for diesel emissions within London. As lung function decrements 23 
have been observed in response to experimental diesel challenges (38) and real-world 24 
exposures to air pollution at high diesel traffic locations (39), it was necessary to establish 25 
that acute exposures were not influencing the results observed. We therefore derived short-26 
term exposure estimates for varying periods running up to each child’s health assessment 27 
using the Nowcast methodology. This analysis demonstrated that the morning and 24 hour 28 
exposures prior to the exposures had little impact on children’s lung function, reinforcing the 29 
view that the relationship between the annual exposure and reduced FVC was indicative of a 30 
chronic impact on lung function, most likely explained by reduced lung growth in this cohort. 31 
It is notable that, compared with these recent studies, the annual exposure to pollutants in 32 
our London cohort, particularly for NOx and NO2, are very high. They are, for example, 33 
greater than the NO2 concentrations in Urman et al’s study of high pollution 34 
communities,(40) and almost two-fold higher than the concentrations in the highest exposure 35 
cohort in the ESCAPE project (GIMI/LISA North): 43·52 (SD=5.45) versus 23·4 (SD=2·8) 36 
Pg/m3.(14) The range of NO2 exposures observed within the Swedish BAMSE cohort, the 37 
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largest of the ESCAPE children's cohorts (44% of the total population) with the lowest 1 
exposures, varied between 6·0-33·0 Pg/m3.(14) Therefore all of the annual NO2 exposure 2 
attributions within that cohort were below the range observed in London: 31·2-98·9 Pg m-3. 3 
The higher concentrations observed in the current study reflect not only the more urban 4 
nature of the study population, but also the increased concentrations of NO2 and NOx 5 
observed within European cities since the mid-2000s, due to increased dieselisation.(41)   6 
 7 
There are notable differences between the current study and all the previously cited 8 
literature. First, this is the only study examining the interaction of urban air pollution on lung 9 
function where measurements have been obtained post-bronchodilator. This is an important 10 
issue, as it removes confounding due to undiagnosed or poorly managed asthma. Our study 11 
population lives in one of the most deprived and polluted areas in the UK (Table s6) and, 12 
perhaps most importantly, this study reflects the contemporary urban AQ environment. By 13 
contrast, most of the cohorts investigated in recent literature have linked air pollutant 14 
exposures to lung function measurement made in the 1990s to the early to mid-2000s 15 
(Schultz et al., [1994-2001],(42) Gao et al.,(43) Nordling et al.,(44) ,Gehring et al., [2000-16 
2007],(14) Eenhuizen et al.,(45), Hoek et al., [1988-1999],(46) Roy et al., [1993-1996],(47)) 17 
Consequently, these studies largely report on associations with historic air pollution 18 
scenarios and do not fully capture the changes that have occurred in many European cities 19 
due to the dieselisation of the fleet, and the introduction of particle traps. The exception to 20 
this is the recently published follow-up of the Californian Children’s Health Study,(19) but 21 
importantly the proportion of diesels within the US vehicle fleet is much lower than that in 22 
European cities.(41) Globally, diesel cars have increased their share of the car market 23 
worldwide, with much of this growth in Europe, where more than half of new cars are 24 
diesel.(41) 25 
 26 
Meaning of the study: possible explanations and implications for clinicians and 27 
policymakers: Our findings have important implications for the health of children living in 28 
central London and other high pollution urban environments, particularly in Europe where 29 
diesel vehicles make up a significant proportion of the vehicle fleet. (41) Significantly, we 30 
have provided quantitative evidence of improvements of NO2 concentrations within the 31 
London LEZ, representing a proxy for diesel tail pipe emissions. The extent to which these 32 
improvements can be solely attributed to the tightening of emission standards within the 33 
zone in early 2011 is difficult to ascertain, given the number of other actions that have been 34 
ongoing, which have been summarised previously.(35) The fact that these benefits have 35 
been achieved against the backdrop of the delayed implementation of the LEZ’s later phases 36 
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and vehicles not performing to Euro emission standards during real-life driving 1 
conditions(48) suggests that further tightening of regulations will achieve more pronounced 2 
pollutant reductions. Whilst longer-term evaluations of the LEZs impact are in progress, the 3 
introduction and rigorous evaluation of zones with greater reductions in pollutant levels both 4 
in London and other cities are clearly warranted.  5 
 6 
Whilst the impacts on children’s FVC may appear small; 2.3 ml per Pg m-3 of NO2, these 7 
decrements need to be viewed against the very high annual exposures in the study areas. 8 
Over the full five years of the study the average exposure to NO2 was 41·7 Pg m-3, with an 9 
IQR of 38·7-43·3, equating to projected loss of FVC of between 89·0-99·6 ml. Given the 10 
average FVC seen within the study population of 1·87L, this equates to a loss of between 11 
4·8-5·3%, These calculations require certain caveats as they imply a simple linear 12 
relationship and the absence of the threshold concentration, but nevertheless they raise 13 
significant public health concerns. Whilst changes of this magnitude are unlikely to be 14 
clinically significant in the healthy population, the more important issue is whether this results 15 
in a failure to attain maximal lung development at adulthood, with potential impacts on long-16 
term health.(18) Until longer-term impacts are known, clinicians should consider advising 17 
parents of children with significant lung disease to avoid living in high pollutant areas, or to 18 
adopt personal mitigation measures to limit their exposures. 19 
 20 
Unanswered questions and future research:  Research are needed to determine whether 21 
lung deficits arising from air pollutant exposures in childhood persist into adulthood and to 22 
identify which factors lead to increased susceptibility or protection to these adverse effects. 23 
Whilst long term data from California provide grounds for cautious optimism that poor lung 24 
growth trajectories can be improved by reducing pollution, this must be viewed in the context 25 
of the much higher exposure levels seen in the present study and the different mix of 26 
pollutant sources, particularly diesel vehicles. The extent to which observations in the USA 27 
are generalisable to the European domain is not clear. The present study also only infers 28 
changes in lung growth, from the association of FVC with long and not short-term exposures. 29 
Further studies should use longitudinal cohort designs to assess health impacts of 30 
interventions that will deliver more substantial improvements in urban AQ. 31 
 32 
Conclusions: Children exposed to diesel-dominated traffic emissions within London’s LEZ 33 
showed small but significant reductions in lung volume. 34 





Figure 1: Study timeline and annual NO2 models for the pilot year (2008) and the full study 3 
(2009-2013). The upper panel shows the study time line relative to the various phases of the 4 
London Low Emission Zone. The shaded areas represent the annual collection windows, 5 
which ran over the winter periods. The lower panels represent the annual NO2 pollution 6 
maps (2008-2013) used for the exposure assessments. School locations are indicated with 7 







Figure 2: Study flowchart from recruitment across the pilot and full study period, indicating 5 
the total number of subjects with technically acceptable FEV1, and linked (short-term to 6 
annual) exposure attributions. 7 
 8 
 9 
Total approached: N=2462 (Pilot, plus full study, years 1-5) 
Consented for health assessment: 
N=2366 
Consented for questionnaire: 
N=92 
Included in primary analysis FEV1  
(annual exposures): N=1981 
No consent for health 
assessment: N=96 
Pilot year:  N=202 
 
FEV1 not available (years 1-5): 
N=151 
 
Included in primary analysis FEV1  
(short term exposures): N=1950 
Nowcast scaling unavailable:  
N=31 
Annual AP at home not available 






Figure 3: Running annual mean NOx and NO2 concentrations at inner and outer London 3 
roadside and background sites within and surrounding the study area from the beginning of 4 
2006 to 2014 (panels A and D). Air pollution trends are shown relative the three phases of 5 
the LEZ. Panels B and C show Forest plots of roadside and background trends in NOx 6 
(changes in air pollutant concentrations per year) across the period 2008-2013 by site and 7 
aggregated across sites(RE, refers to the overall trend). Panels E and F, illustrate the 8 
equivalent data for NO2. *** significance at the <0.001, ** significance at <0.01, * significance 9 





Figure 4: Running annual mean PM10 and PM2.5 concentrations at inner and outer London 3 
roadside and background sites within and surrounding the study area from the beginning of 4 
2006 to 2014 (panels A and D). Air pollution trends are shown relative the three phases of 5 
the LEZ. Panels B and C show Forest plots of roadside and background trends in PM10 6 
(changes in air pollutant concentrations per year) across the period 2008-2013 by site and 7 
aggregated across sites. Panels E and F, illustrate the equivalent data for PM2.5. *** 8 
significance at the <0.001, ** significance at <0.01, * significance at <0.05, per site and 9 





Figure 5: Change in FEV1 (panels Ai to Aiv) and FVC (panels Bi-Biv) per unit change in 3 
NOx, NO2, PM10 and PM2.5 annual concentrations, based on residential address, or weighted 4 
for periods spent at home and school address. Data are expressed as means and 95% 5 
confidence intervals, for each study year, plus the pilot and aggregated across study years 6 






Figure 6: Association between each of the 4 selected pollutants with FEV1 and FVC, with 3-3 
hour, 24-hour, 7-day and annual exposure attributions, based on residential address and 4 
weighted for periods spent at school. Data are presented a means with 95% confidence 5 
















Has your child had wheezing or whistling in the chest in the past 12 
months? 
Has your child had wheezing or whistling in the chest in the last 12 
months? AND AT LEAST ONE OF: ≥4 attacks of wheezing in the past 
12 months. 
Severe wheeze 
≥1night/week of sleep disturbed by wheezing in the past 12 months; 
wheezing severe enough to limit speech to only one or two words at a 
time between breaths in the past 12 months. 
Rhinitis 
In the past 12 months, has your child had a problem with sneezing, or 
a runny, or a blocked nose when he/she DID NOT have a cold or the 
flu? 
Eczema 
Has your child ever had an itchy rash which was coming and going for 
at least 6 months? AND Has your child had this itchy rash at any time 
in the last 12 months? AND Has this itchy rash at any time affected any 
of the following places: the folds of the elbows, behind the knees, in 
front of the ankles, under the buttocks, or around the neck, ears or 
eyes? 
Lifetime  
Asthma Has your child ever had asthma? 
Hayfever Has your child ever had hay fever?   
Eczema 
 


































































































































































Table 3: Subject demographics by study year. 2 
 3 
 Pilot Year 1 Year 2 Year 3 Year 4 Year 5 Year 1-5 
 08/09 09/10 10/11 11/12 12/13 13/14 09-14 














































































Sex (number and %) 
































































(11.4%) 332 (15.3%) 



































Children living at addresses not meeting the EU annual limit value for NO2 (number* and %) 
        













        














(38.6%) 820 (37.9%) 










(24.7%) 515 (23.8%) 










(22.8%) 528 (24.4%) 

































x Based on all subject for whom linked modelled data was available. 4 
 5 
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 Table 5: Effects of air pollutants on post-bronchodilator FEV
1  and FVC
 in study years 1-5. D
ata are expressed as a change in volum
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Background: Low Emission Zones (LEZ) are an increasingly common but unevaluated 10 
intervention aimed at improving urban air quality and public health. We investigated the 11 
impact of London’s LEZ on air quality and children’s respiratory health.  12 
Methods: Sequential yearly cross-sectional study of 2,164 children aged 8-9 years attending 13 
primary schools between 2009/10 and 2013/14 in central London following the introduction 14 
of London’s LEZ. We examined the relationship between modelled pollutant exposures of 15 
nitrogen oxides (NOx, NO2) and particulate matter with a diameter of less than 2.5Pm (PM2.5) 16 
and less than 10Pm (PM10) and lung function: post-bronchodilator forced expiratory volume 17 
in one second (FEV1, primary outcome), forced vital capacity (FVC), and respiratory/allergy 18 
symptoms. We assigned annual exposures by each child's home and school address, as 19 
well as spatially resolved estimates for the 3-hours, 24-hours, 7-days prior to each child's 20 
assessment, to isolate long from short-term impacts.  21 
Findings: The percentage of children living at addresses exceeding the European Union 22 
limit value for annual NO2 (40Pgm-3), fell from (x/y) 98·57% (444/450) in 2009 to (x/y) 23 
34·01% (150/441) in 2013. Over this period, we identified a significant reduction (P<0·001) 24 
in NO2 at both roadside (-1·35 (-2.09 - -0.61) Pgm-3year-1) and background locations (-0·97(-25 
1.56 - -0.38) Pgm-3year-1), but not for PM10. We found no association between post-26 
bronchodilator FEV1 and annual residential pollutant attributions. FVC, in contrast, was 27 
inversely correlated with annual NO2 (-00023 (-0·0044, -0·0002) LPg-1m-3, P<0·05) and PM10 28 
(-0·009 (-0·0175,-0·0005) LPg-1m-3, P<0·05).  29 
Interpretation: Children exposed to urban air pollution withinWithin London’s LEZ smaller 30 
lung volume in children was associated showed significant reductions in lung volume related 31 
towith higher their annual air pollutant exposures. Despite small improvements in air quality 32 
in highly polluted urban areas during the implementation of London’s LEZ we found no 33 
evidence of a reduction in the proportion of children with small lungs over this period. 34 
Interventions that deliver larger reductions in emissions may yield improvements in children’s 35 
health. 36 
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Research in context 17 
 18 
 19 
Evidence before this study: We searched PubMed and Google for studies evaluating impacts of 20 
low emission zones and traffic reduction schemes on air quality and respiratory health. We combined 21 
search terms ‘low emission zone’ and ‘traffic’ and searched from 2009 onwards. Two systematic 22 
reviews were identified addressing (effects on air quality alone (x) and air quality and health (y) 23 
respectively. X showed that studies of LEZ have inconsistent addressedExposure to traffic derived 24 
pollutants has been shown to haveassociated with adverse health effects, especially in 25 
children, with the ESCAPE meta-analysis of data on 5,921 children demonstrating that poor 26 
air quality (AQ)  was associated with reduced lung function in pre-adolescent children. The 27 
introduction of Low Emission Zones (LEZ) has been proposed to improve air quality AQ and 28 
improve public health. These operate either by restricting vehicle entry into urban areas, or 29 
through fixed penalties on more polluting vehicles to encourage the uptake of lower emission 30 
technologies. Despite the political and financial costs of LEZ implementation, the impact of 31 
these schemes on AQair quality and public health remains under-studied. We searched 32 
MEDLINE from 2009 onwards using keywords ‘low emission zone’ AND / OR ‘traffic’, ‘air 33 
quality’. We identified two systematic reviews, one addressing effects on air quality, the other 34 
effects on air qualityAQ  and ‘health’. These reviews showed Evidence that LEZs do not 35 
consistently can reduceimprove AQair pollution quality, and impacts are small. Few studies 36 
Formatted: Font: 11 pt
Formatted: Font: 11 pt
Formatted: Font: 11 pt
Formatted: Font: 11 pt
Formatted: Font: 11 pt
Formatted: Font: 11 pt
Formatted: Font: 11 pt
Formatted: Font: 11 pt
4 
 
addressed is weak, and studies examining hhealth impacts, and these have tended to rely 1 
on modelled predictions of air qualityAQ improvements, which have often not been realised. 2 
Added value of this study: We exploited London’s the comprehensive monitoring network 3 
within London to evaluate the changes in air pollution following the introduction of the 4 
London’s LEZ. Our study covered the tightening of emission controls within the LEZ in 2012, 5 
which occurred alongside national, regional and local policies to improve AQair quality. We 6 
based our study in 4 inner-city London boroughs, which were identified as non-compliant 7 
with EU annual NO2 limit values at the start of study. Despite the  acknowledged problems 8 
associated with vehicle non-compliance with emission standards over this period we 9 
demonstrated evidence of improvements in air qualitAQy. We also confirmed the previously 10 
reported association between pollutant exposures and reduced children’s lung volume. We 11 
observed  some evidence of a reduction in rhinitis, but not asthma symptoms or the 12 
proportion of children with small lungs over the study period.  13 
Implications of all available evidence: Large scale LEZs can deliver improvements in 14 
urban AQair quality and these can be linked to changes in childhood respiratory health. 15 
However, more ambitious schemes than that evaluated here are required in many European 16 
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Air pollution is a leading cause of global mortality, with World Health Organization (WHO) 3 
estimates of seven million premature deaths partly attributable to air pollution in 2012, 4 
approximately one in eight global deaths.(deaths(1) Of these, 3.7 million relate to outdoor air 5 
pollution. With increasing population growth and urbanisation, air quality (AQ) has emerged 6 
as an important determinant of public health within cities,(2-4) with the health burden falling 7 
disproportionately on disadvantaged populations who are less able to choose the 8 
environments in which they live.(5) Primary studies and systematic reviews have linked air 9 
pollution with adverse effects across the life-course, (6), from increased risk of pre-term birth 10 
(7) and incident childhood asthma,(8) to premature cardio-pulmonary mortality.(9)  Whilst 11 
urban air pollution reflects contributions from a range of local and regional sources, recent 12 
studies and reviews have highlighted the importance of traffic –related air pollutants on a 13 
range of health endpoints, with a particular focus in Europe on the contribution of diesel 14 
emissions to poor air qualityAQ. (6,10-12)  15 
 16 
Childhood and adolescence are periods of rapid growth during which organ systems are 17 
particularly susceptible to injury.(injury.(13) Cross-sectional and longitudinal studies have 18 
demonstrated adverse effects on lung growth and function in children. The ESCAPE meta-19 
analysis of data on 5,921 children from five European birth cohorts showed poor air 20 
qualityAQ was associated with reduced lung function in pre-adolescent children.(14) 21 
Adolescents showed clinically important restrictions on lung growth and function in the 22 
southern California Children’s Health Study.(15,16) Even in relatively low pollution 23 
environments (Stockholm County, Sweden) lung growth in adolescents has been related to 24 
early life pollutant exposures.(17) Impaired lung development in childhood has impacts that 25 
carry into adulthood, with morbidity and mortality linked to reduced adult lung function.(18) A 26 
causal linkage between air pollution exposure and sub-optimal lung growth has further been 27 
supported by analysis of consecutive longitudinal cohorts in the Children’s Health Study, 28 
where the proportion of children with clinically small lungs fell as air qualityAQ improved 29 
between 1994-2011.(19) These data strongly suggest that policies designed to reduce air 30 
pollution can deliver a measurable health benefit. 31 
 32 
Low Emission Zones (LEZ), areas where the entry of polluting vehicles is restricted or 33 
penalised, based on emission standards, are often employed as the major component of 34 
emission control strategies.  London introduced the world’s largest city-wide LEZ in 2008. 35 








Singapore and Tokyo. Despite the widespread application of LEZs to improve air qualityAQ 1 
there is little evidence that LEZs reduce pollutant concentrations or improve health.(20-27) 2 
Holman et al. concluded that LEZs operating in five European countries , LEZs had 3 
inconsistent effects on PM10 and NO2 concentrations.(26) Wang A systematic review (28) 4 
found only six studies addressing impact of traffic LEZ-type emission control interventions on 5 
health.(29-31) Of these, only one (31) gathered health data directly from individuals, finding 6 
negligible effects on respiratory symptoms. The remainder relied on modeling the effects of 7 
predicted (not necessarily achieved) emission reductions on health. In only two studies was 8 
health equity assessed, with opposing conclusions.(20,30). 9 
 10 
The implementation of London’s LEZ in 2008 provided the opportunity for a natural 11 
experiment to evaluate the impact of this emission-based mitigation strategy. In this study, 12 
our objective was to evaluate its impact by examining the relationship between pollutant 13 
exposures and respiratory health in school children living within highly polluted areas of 14 
central London over the period 2009-2014. Our aim was to test the hypothesis that 15 
improvements in air qualityAQ would be associated with improved respiratory health.  We 16 
focused on children living in areas currently failing to meet the current European Union 17 
nitrogen dioxide limit value (40Pg/m3 annual mean), over a period where improvements in air 18 
qualityAQ were predicted to occur as a consequence ofbecause of improved emission 19 
controls on diesel powered heavy and light goods vehicles. 20 
  21 
 
Box 1: London Low Emission Zone 
 
London’s LEZ is roughly contiguous with London’s M25 orbital motorway, and 
encompasses approximately 8·5m residents. Its stated goal was two-fold, to 
“move London closer to achieving target air quality objective and limit values”, 
and “to improve the health and quality of life of people who work in and visit 
London, through improving air quality”.(”.(3229) 
The scheme was introduced in stages., Pphase s 1, introduced in February 
2008, applied to diesel-powered heavy goods vehicles (HGVs) weighing greater 
than 12 tonnes. Phase 2 followed in July 2008 applying to HGVs over 3.5 
tonnes. Phases 3 and 4 were introduced simultaneously in January 2012, 
restricting access to heavier Light Goods Vehicles and mini-buses not meeting 
the Euro III standard, and increasing the restriction on buses, coaches and 
HGVs greater than 3.5 tonnes from emission standard Euro III to Euro IV.  In 
this paper for simplicity we refer to three phases of introduction, with phase 
three, encompassing the LEZ phases 3 and 4. For a fuller description of the 
LEZ we refer the reader to the review of Hollman et al (2015). (26) 
Over a 10-year horizon the predicted impact of the Low Emission Zone within 
Greater London was to regain 5,000 years of life that would otherwise have 
been lost, reduce by a quarter of a million the number of restricted activity days, 
reduce the severity of 300,000 acute respiratory episodes, and deliver health 
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Study design and study population: We used a sequential cross-sectional study to avoid 4 
risks of attrition that might occur in a mobile inner-city population with a classical cohort 5 
design. We invited 28 primary schools in the London boroughs of Tower Hamlets, Hackney, 6 
Greenwich and the City of London to participate, focusing on schools close to AQair quality 7 
monitoring stations to maximise the accuracy of exposure data, reflecting a range of 8 
distances from major roads, up to 500m. School locations are illustrated in figure 1. Within 9 
these schools, all Year 4 children (aged 8-9 years) were invited to participate; there were no 10 
exclusion criteria. Data were collected during winter periods 2008/09 to 2013/14, with the 11 
2008/09 visits acting as a pilot to evaluate the feasibility of performing bronchodilator lung 12 
function tests within the school setting  andsetting and establish the required sample size for 13 
the full study (figure 2). This was deemed necessary due to increased evidence of over 14 
representation of certain ethnic groups with certain schools, due to parental choice.  15 
 16 
Information about the study was sent home in school bags with each child, along with a 17 
consent form and a questionnaire for parents to complete and return to the school. During a 18 
single study visit to each school each year, health assessments were conducted to examine 19 
lung function and collect biological samples – as outlined in supplementary table s1.  20 
Additional information on sex, age, ethnicity and residential address was obtained from 21 
school records. Socioeconomic status was assigned according to residential address using 22 
the Index of Multiple Deprivation (IMD). Height and weight were measured during the health 23 
assessment and the body mass index calculated. 24 
 25 
Ethics: Parents gave written consent and children verbal assent, to participate in the health 26 
assessment. The study was approved by the local research ethics committee (East London 27 
& The City HA Local Research Ethics Committee 2, REC Ref Number 08-H0704-139) and 28 
conformed to the standards set by the Declaration of Helsinki.   29 
 30 
Long and short termshort-term exposure attributions: Exposures at residential and 31 
school address were estimated from annual (2008-2013) NOx, NO2, PM10 and PM2.5 maps of 32 
London employing the KCLurban models using the ADMS dispersion model v4 and road 33 
source model v2.3 (Cambridge Environmental Research Consultants 19), (33) measured 34 
hourly meteorological data, empirically derived NO-NO2-O3 and PM relationships and 35 
emissions from the London Atmospheric Emissions Inventory. (341) Full details of the model, 36 
including the treatment of sources and model performance (tTable s2) are provided in the 37 
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supplementary material. In this analysis, these long term, annual exposure estimates were 1 
also weighted for periods spent at the home (H) and school (S) address points based on the 2 
following criteria: 84·4% of time at home, 15·6% at school, based on a 7-hour school day, for 3 
5 days per week, 39 weeks per year. Thus, each child’s weighted exposure was estimated 4 
by EH+S = 0.884×EH + 0·156×ES.  5 
 6 
Acute exposure estimates were derived at the address point by scaling annual mean 7 
concentrations according to a ‘Nowcast’ factor calculated for each pollutant for periods 8 
immediately prior to lung function evaluation. This factor is defined as the ratio between 9 
concentrations measured by a local subset of continuous air pollution monitoring sites in the 10 
prior period, and the annual mean of measurements at the same sites. For this study 11 
‘Nowcast’ scaling factors were calculated for the three-hour period immediately prior to the 12 
school day (6-9am), 24 hours and 7 days prior to the school visits to reflect both acute and 13 
sub-chronic exposure periods. To derive NOx and NO2, scaling factors measurements were 14 
averaged across 14-17 urban background and roadside sites within and surrounding the 15 
London Boroughs of Tower Hamlets and Hackney, based on data availability. For the PM10 16 
and PM2.5 scaling factors measurements from 9-13 and 14-20 background and roadside 17 
sites were averaged, respectively. A detailed description of the Nowcast methodology is 18 
presented in the supplementary material, together with details on model evaluation (tables 19 
s3-s5).  20 
 21 
Lung function assessments: Children’s respiratory function was assessed by spirometry 22 
(Microlab, Micromedical, Carefusion), performed by trained investigators according to 23 
American Thoracic Society/European Respiratory Society (ATS/ERS) guidelines with 24 
baseline and post-bronchodilator measurements, following salbutamol, 400 µg administered 25 
by large volume spacer. Each spirometry assessment aimed to obtain three acceptable and 26 
two repeatable attempts both pre- and post-bronchodilator. Quality control was based on the 27 
ATS/ERS guidelines, modified for children.  Spirometry data were quality controlled by three 28 
senior respiratory scientists, with one performing this role throughout the full 6-year duration 29 
of the study. Expanded details are provided in the supplementary material.  30 
 31 
Symptoms: Information on respiratory and allergic symptoms were collected using a parent-32 
completed questionnaire, based on the validated International Study of Asthma and Allergies 33 
in Childhood (ISAAC) questionnaire, as described previously..(27) Current and lifetime 34 
symptoms were defined as outlined in tTable 1. Information on the questionnaires was 35 
entered as recorded, regardless of apparent inconsistences. Unanswered questions were 36 
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coded as ‘missing’. Symptom prevalence was calculated by dividing the number of positive 1 
responses by the total number of completed questionnaires, as described previously..(27) 2 
 3 
Urine collection and analysis: Spot urine samples were collected for the determination of 4 
cotinine concentrations using a commercial microplate enzyme immunoassay (Cozart 5 
Forensic Microplate EIA for cotinine, product no. M155B1) from Concateno (Abingdon, UK). 6 
Urinary creatinine concentrations were also determined using a commercially available kit 7 
(Cayman Chemical Company, Ann Arbor, MI, USA). Exposure to environmental tobacco 8 
smoke was determined as a creatinine corrected cotinine value greater than 30ng/mg.  9 
 10 
Statistical analysis and sample size calculations:  Primary objective: The study was 11 
powered to demonstrate a 4% year- on- year improvement in FEV1 in year 4 school children 12 
living within London’s LEZ. Secondary objectives, to demonstrate  included assessing 13 
improvement in other lung function parameters:  –FVC and a reduction in respiratory 14 
symptoms, as assessed using the modified ISAAC questionnaire. The required sample size 15 
was established from data collected during the pilot year in 2008/09. These pilot data 16 
demonstrated the FEV1 to be 1·71(SD=0·28) L, with valid measurements obtained from 17 
150/202 (74·3%) of children. To detect a 4% increase in FEV1 from 1·71 to 1·78L in two 18 
successive years with 80% power at a 5% significance level would require 245 children per 19 
year under simple random sampling. Assuming 74·3% of children returned valid lung 20 
function measurements, the mean cluster size for analysis would be 22 children out of a 21 
class of 30. The design effect, based on an intra-cluster correlation coefficient of 0·03 was: 1 22 
+ (22-1) x 0·03  = 1·63, inflating the sample size to 400. Therefore, the number of classes to 23 
be sampled in the full study was calculated to be 400/22, 19 classes (rounded up from 18·2) 24 
 25 
Linear mixed models with a random effect for school were used to examine the effects of 26 
children’s air pollutant exposures, over prescribed intervals (6-9am on the day of the school 27 
visit, the 24-hour and 7-days previous and the annual values) on lung function outcomes, 28 
including a sensitivity analysis using pre-bronchodilator values. Baseline characteristics were 29 
selected a priori to be included in the models: age, sex, height, body mass index (BMI), self-30 
reported ethnicity (Asian, Black, White, Mixed/Other), socioeconomic status and exposure to 31 
environmental tobacco smoke. To assess the assumption of no change over time, the study 32 
year was also included as a covariate in the models.   33 
 34 
Respiratory and allergic symptoms were recoded as binary variables and their associations 35 
with annual air pollution exposures, adjusted for the covariates outlined above, were 36 
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evaluated using mixed effects logistic regression. Study years were also included in the 1 
model to account for any year-on-year changes.  2 
All statistical evaluations were based on the data from study years 1-5, though the impact of 3 
including the data from the pilot year was also examined as a sensitivity analysis. In addition, 4 
as this study was based on post-bronchodilator lung function, we also examined the 5 
associations with pre-bronchodilator baseline lung function to allow comparison with 6 
previous studies using this approach only. Multi-pollutant models were performed, but due to 7 
the high correlation between the 4 selected pollutants at each sampling interval across the 8 
study years (tables s6-s9) they were not informative. Statistical significance was assumed 9 
at the 5% level.  10 
 11 
All statistical analyses were performed using Stata 14.1 (StataCorp, College Station, TX, 12 
USA).  13 
 14 
Evaluation of air quality changes over the study period: To evaluate air pollution trends 15 
running annual mean concentrations (2006-2014) of the main criterion pollutants (NO2, PM10 16 
and PM2.5), plus NOx, were calculated for inner and outer London roadside and background 17 
locations, using a subset of the London Air Quality Network monitoring sites within and 18 
surrounding the study area. Additionally, for the period of the LEZ, linear tends were 19 
calculated using the Theil Sen estimator method, from monthly means, previously 20 
deseasonalized using the seasonal and trend decomposition technique , loess. (35) Forest 21 
plots were then produced for those sites having at least a 75% capture rate over the five-22 
year period, beginning 2008, ending 2013 and the overall trend was calculated by fitting the 23 
linear Random-Effects Model “DerSimonian-Laird estimator” as previously described. (36) 24 
 25 
Role of funding source: Funders had no role in the design, execution,  or analysis or 26 
interpretation or writing-up of the study. SB, NM, IM, CG and HW had access to the raw 27 
data. The corresponding author had full access to all of the data and the final responsibility 28 
to submit for publication 29 
  30 
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Subject demographics: Across the full study, years 1-5, plus the pilot, 2,462 children were 16 
approached of whom 2,366 (96%) consented to the full health assessment. Of the 2,164 17 
children recruited into the full study running from the winter period 2009/10 to 2013/14, 18 
technically acceptable FEV1 (primary outcome) was obtained from 2,013 (table 2). Of these 19 
subjectssubject’s, annual air pollution attributions were available for 1,981, with Nowcast 20 
adjusted acute exposure estimates available on 1,950 (figure 2). Full demographic details of 21 
the participating children are given in table 3. Overall there were slightly more girls 22 
(1146/2164, 53·0%) than boys, with Asian, predominately Bangladeshi, being the largest 23 
ethnic group (820/2164, 37·9%). ETS exposure, assessed as a urinary cotinine 24 
concentration of >30mg/mg creatinine was observed in (332/2164) 15·3% of the cohort, but 25 
fell from (94/441y) 21·3% in year 1, to (50/438y) 11·4% in year 5. A comparison of the 26 
demographic and exposure data for the children included (N=1,981) and excluded (N=183) 27 
from the primary analysis is included in supplementary table s10. This demonstrates that 28 
there was no systematic bias introduced through the exclusion of this group of children. In 29 
addition, key demographic details of the study boroughs over years 1-5 of the study are 30 
presented in table s11, demonstrating the representativeness of participants in relation to 31 
the demography of study boroughs. The associations between the demographic variables 32 
with lung function are summarised in supplementary table s12. For both FEV1 and FVC 33 
significant associations were observed with age, gender, sex, height and BMI, but not with 34 
index of multiple deprivation (IMD) score, or evidence of ETS exposure. Clear differences in 35 
lung function variables between the major ethic groups were observed with the White 36 
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children having significantly larger FEV1 and FVC, followed by Asian and Black children. 1 
After controlling for all annual pollutant exposures there was no evidence of differences in 2 
lung function parameters between study years. 3 
 4 
Pollutant modelled attributions and measurements:  Annual maps for NO2 (figure 1), 5 
NOx (supplementary figure s1), PM10 (figure s2) and PM2.5 (figure s3) are illustrated with 6 
the attributed median and 25th and 27th quartiles exposures for the study participants 7 
summarised in table 4.  Notably, modelled annual exposures were consistently higher for 8 
the home+school weighting reflecting the proximity of many schools to major roads.  This 9 
was reflected in the proportion of children with modelled NO2 exposures above the current 10 
EU limit value of 40 Pg/m3: (x/y) 59·5% (home) versus (x/y) 78·6% (home+school); though 11 
the proportion fell from year1 to 5: (x/y) 98·5 to (x/y) 34·1% (home), (x/y) 99·5- (x/y) 58·2% 12 
(home+school).  Whilst the individual annual exposure attributions over the five years of the 13 
study were broadly equivalent (table 4) an analysis of the data from monitoring sites within 14 
and surrounding the study area demonstrated evidence of improvements in air qualityAQ 15 
over the period 2006-2014, most markedly for NO2, with evidence of a downward trend, 16 
especially at the inner London roadside (figure 3, panel D). No clear step changes in 17 
pollutant concentrations were evident following any of the various phases of the LEZ. To 18 
examine changes in air qualityAQ in greater detail, linear trends over the period 2008-2013 19 
were calculated using the Theil-Sen method for a number of roadside and background sites. 20 
For both NOx and NO2, despite considerable heterogeneity between sites, there was clear 21 
evidence of a decrease in both roadside (-2·97 (-4.44 - -1.45) and -1·35 (-2.09 - -0.61) Pg m-22 
3 year-1) and urban background concentrations (-1·10 (-2.16 – -0.004) and -0·97 (-0.97 - -23 
0.38) Pg m-3 year-1), figure 3, panels B, C, E and F. For NO2 this corresponded to an overall 24 
reduction of 6·75 and 4·85 Pg m-3 at roadside and background locations over the 5-year 25 
study period. Concordant with this observation the proportion of children living at addresses 26 
exceeding the EU limit value for NO2 fell across the study period, from 98.7% (444/450) in 27 
study year 1 to 34.0% (150/441) in study year 5, based on all children for whom modelled 28 
estimates were available. TThe picture for PM10 and PM2.5 was more mixedless clear, with 29 
no evident reduction at roadside sites (figure 4, panels B and E) and a suggestion of 30 
reduced PM2.5 at the single background site included in the analysis (figure 4, panel F). 31 
Importantly, despite the NO2 and NOx decreases observed at the selected monitoring sites, 32 
these changes were not reflected as reductions in modelled exposures at residential address 33 
of the children across the study period.   34 
 35 
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Lung function associations with modelled exposures: The relationships between post-1 
bronchodilator FEV1 and FVC, by year and aggregated across study years 1-5 are illustrated 2 
in figures 5 and, panels Ai1-Aiv and Bi-Biv respectively 6. For FEV1, associations were 3 
generally small with confidence intervals that spanned zero and failed to attain statistical 4 
significance. Inclusion of the data collected in the study pilot did not alter this picture 5 
(Supplementary table s13). In contrast, FVC was inversely associated with annual NOx, 6 
NO2 and PM10 exposures (figure 56 panels Bi-iv, , table s14), with no clear evidence of an 7 
impact of study year. Neither FEV1, nor FVC were associated with exposures on the morning 8 
of the assessment (6-9am), or in the previous 24 hours, but robust negative associations 9 
were observed in the 7 day7-day average PM10 and PM2.5 exposures, figure 67. Data in 10 
figures 5-67 are expressed as change in volume (L) per Pg/m3 of pollutant exposure, 11 
butexposure but are also illustrated per inter-quartile range annual exposures for FEV1 and 12 
FVC in table 5 for both home and home + school exposure attributions. As many previous 13 
studies examining air pollution lung function associations have employed lung function 14 
without bronchodilation we ran this as a post- hoc sensitivity analysis (supplementary table 15 
s15). Whilst the associations between annual pollutant exposure and FVC were attenuated 16 
and failed to attain statistical significance (P values ranging from 0·05 – 0·07, based on 17 
home exposures), the data revealed similar trends. The inverse relationship between 7 18 
day7-day average PM10 and PM2.5 with reduced FEV1 and FVC were robust to using pre-19 
bronchodilator values.  Despite the evidence of reductions in roadside and background NO2 20 
and the association between annual pollutants exposures and reduced FVC, we observed 21 
no clear reduction in the proportion of children with predicted lung function less than 80, 85 22 
or 90% of predicted (supplementary figure s4figure 8), in contrast to the recently 23 
published observations of Gauderman et al (2015). (19) 24 
 25 
In light of previous observations of an impact of ethnicity of lung function pollutant 26 
interactions (37) we also performed an exploratory analysis considering the three largest 27 
ethnic populations in our cohort: white, black and Asian children. The association between 28 
FVC and annual pollutant attributions was only significant in the white children, although 29 
there was no clear significant difference between the three ethnic groups (supplementary 30 
figure s4). 31 
Symptom prevalence: We found no evidence of significant associations between current 32 
and lifetime respiratory and allergic symptoms with annual pollutant attributions, 33 
supplementary figure s5figure 9. Of the symptoms examined, only current rhinitis 34 
symptoms showed some evidence of a positive association, consistent with earlier 35 
observations on children living within London. (24) We therefore examined the yearly 36 
associations in current rhinitis and lifetime asthma (supplementary  figure s6figure s5). 37 
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This analysis indicated that the prevalence of rhinitis fell markedly from the period of the pilot 1 
and the first year of the study onward. 2 

















Statement of principal findings: Over the period covering the implementation of London’s 15 
LEZ we identified evidence of reduced NO2 and NOx concentrations at roadside and 16 
background locations within the study area, in the absence of improvements in PM10. The 17 
proportion of children living at locations failing to meet the EU annual limit value for NO2 (40 18 
Pg m-3) fell from 98·75 to 34·01% over the same period. This improvement was less marked 19 
when children’s exposures were weighted for periods spent at school: 99·5 to 58·2%, 20 
reflecting the close proximity of many of the participating schools to busy roads. Importantly, 21 
these measured changes in pollutant concentrations occurred in parallel to published 22 
evidence of good compliance with the tighter emission standards.(378)  In addition, there 23 
was no evidence that the compliance within London resulted in a displacement of more 24 
polluting vehicles to regions outside London’s LEZ. (378) Despite these improvements we 25 
observed evidence of reduced lung volumes in children associated with NOx, NO2 and PM10 26 
annual exposures over the same period, with no evidence of a decrease in the proportion of 27 
children with small lung volumes for their age over the 5-year study. The associations with 28 
NOx and NO2 were independent of shorter term exposure estimates, suggesting that the 29 
reduced volumes reflected the longer termlonger-term impact of air pollution.. Notably, 30 
despite the measured improvements, significant areas of inner and outer London still remain 31 
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above the EU NO2 Limit Value (Figure 1) and whilst we found evidence for improvements at 1 
roadside and background sites, at the current rate of change full compliance with EU limit 2 
values for NO2 for London remains distant, without a significant tightening of current 3 
emission controls.    4 
 5 
Strengths and weaknesses of the study: The main strengths of our study included the 6 
intensity of both traffic exposures and coverage of the available air qualityAQ monitoring, 7 
including measurement sites specifically established to monitor the impact of the London’s 8 
LEZ. Our study took place in an area where a significant proportion of children live in areas 9 
failing to meet European Union targets for NO2 exposure, with the majority schools and 10 
residences all within 500m of busy roads. Our data, from 2009/10 onwards, covers a period 11 
when traffic fleets have become increasingly dominated by diesel vehicles, with associated 12 
problems of high NO2 concentrations and primary particle emissions. Consequently, our 13 
study is unique in reflecting the impact of a modern European city’s air qualityAQ 14 
environment. A key innovation of our study was the use of novel modelling of exposures that 15 
allowed us to differentiate effects of short, medium and long-term exposures on the same 16 
spatial scale. High quality lung function data; our use of post-bronchodilator values, provided 17 
reliable estimates of children’s lung capacities. Concerns about attrition in an urban mobile 18 
population meant we chose not to use a classic longitudinal cohort design. This restricted 19 
our capacity to directly address lung growth or to quantify improvements associated with 20 
improved air qualityAQ. Our study lacked a control population, not subject to the effects of 21 
the LEZ, which was a weakness. In addition, and our by focusing on inner city boroughs we 22 
did not have limited the range of exposure contrasts that would have been achieved by a 23 
broader geographical coverage. For NO2 and PM10 this was less of a problem as the 24 
exposure ranges were still large, but for PM2.5 we had relatively little exposure contrast. In 25 
addition, as our study did not commence until after the introduction of the initial phases of 26 
the LEZ in February 2008 it is likely that we have underestimated the likely impacts of the 27 
scheme. 28 
 29 
Interpretation of the findings in relation to other studies: The ESCAPE project examined 30 
the association between lung function data collected from children (aged 6-8 years) across 31 
five European cohorts, between 2002 and 2007 with annual pollutant exposures based on 32 
residential address using Land Use Regression models. In addition, the influence of short 33 
term exposures on the lung function measurements were assessed based on measurements 34 
made at regional and urban background monitoring sites. This analysis, with a combined 35 
population of 5,921 children, demonstrated annual exposures to NO2, NOx, PM10 and PM2.5 36 
were associated with significant reductions in FEV1. (14) The negative impact of primary 37 
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traffic derived pollutants on children's lung function has recently been further reinforced by 1 
two US studies, where traffic exposures were associated with reduced FEV1 and FVC, 2 
(15,16) and in the Children's Health Study, by the demonstration that reductions in pollution 3 
delivered clinically meaningful improvements in FEV1 and FVC. (16)   4 
 5 
The present study confirms and extends these observations, demonstrating inverse 6 
associations between lung function and exposure to urban air, particularly to NOx and NO2, 7 
which are good proxies for diesel emissions within London. As lung function decrements 8 
have been observed in response to experimental diesel challenges (389) and real-world 9 
exposures to air pollution at high diesel traffic locations (3940), it was necessary to establish 10 
that acute exposures were not influencing the results observed. We therefore derived short- 11 
term exposure estimates for varying periods running up to each child’s health assessment 12 
using the Nowcast methodology. This analysis demonstrated that the morning and 24 hour 13 
exposures prior to the exposures had little impact on children’s lung function, reinforcing the 14 
view that the relationship between the annual exposure and reduced FVC  wasFVC was 15 
indicative of a chronic impact on lung function, most likely explained by reduced lung growth 16 
in this cohort. This application of Nowcast scaling factors to examine the short-term effects 17 
of exposure on the same spatial domain as the annual exposures is a key innovation in the 18 
present study. . It is notable that, compared with these recent studies, the annual exposure 19 
to pollutants in our London cohort, particularly for NOx and NO2, are very high. They are, for 20 
example, greater than the NO2 concentrations in Urman et al’s study of high pollution 21 
communities, (401) and almost two-fold higher than the concentrations in the highest 22 
exposure cohort in the ESCAPE project (GIMI/LISA North): 43·52 (SD=5.45) versus 23·4 23 
(SD=2·8) Pg/m3.(14) The range of NO2 exposures observed within the Swedish BAMSE 24 
cohort, the largest of the ESCAPE children's cohorts (44% of the total population) with the 25 
lowest exposures, varied between 6·0-33·0 Pg/m3. (14) Therefore all of the annual NO2 26 
exposure attributions within that cohort were below the range observed in London: 31·2-98·9 27 
Pg m-3. The higher concentrations observed in the current study reflect not only the more 28 
urban nature of the study population, but also the increased concentrations of NO2 and NOx 29 
observed within European cities since the mid-2000s, due to increased dieselisation..(412)   30 
 31 
There are notable differences between the current study and all the previously cited 32 
literature. First, this is the only study examining the interaction of urban air pollution on lung 33 
function where measurements have been obtained post-bronchodilator. This is an important 34 
issue, as it removes confounding due to undiagnosed or poorly managed asthma. Our study 35 
population lives in one of the most deprived and polluted areas in the UK (Table s6) and, 36 
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perhaps most importantly, this study reflects the contemporary urban air qualityAQ 1 
environment. By contrast, most of the cohorts investigated in recent literature have linked air 2 
pollutant exposures to lung function measurement made in the 1990s to the early to mid-3 
2000s (Schultz et al., [1994-2001],(423) Gao et al.,(434) Nordling et al.,(445) ,Gehring et al., 4 
[2000-2007],(14) Eenhuizen et al.,(456), Hoek et al., [1988-1999],(467) Roy et al., [1993-5 
1996],(478)) Consequently, these studies largely report on associations with historic air 6 
pollution scenarios and do not fully capture the changes that have occurred in many 7 
European cities due to the dieselisation of the fleet, and the introduction of particle traps. 8 
The exception to this is the recently published follow-up of the Californian Children’s Health 9 
Study,(19) but importantly the proportion of diesels within the US vehicle fleet is much lower 10 
than that in European cities.(412) Globally, diesel cars have increased their share of the car 11 
market worldwide, with much of this growth in Europe, where more than half of new cars are 12 
diesel.(412) 13 
 14 
Meaning of the study: possible explanations and implications for clinicians and 15 
policymakers: Our findings have important implications for the health of children living in 16 
central London and other high pollution urban environments, particularly in Europe where 17 
diesel vehicles make up a significant proportion of the vehicle fleet. (412) Significantly, we 18 
have provided quantitative evidence of improvements of NO2 concentrations within the 19 
London LEZ, representing a proxy for diesel tail pipe emissions. The extent to which these 20 
improvements can be solely attributed to the tightening of emission standards within the 21 
zone in early 2011 is difficult to ascertain, given the number of other actions that have been 22 
ongoing, which have been summarised previously.(35). The fact that these benefits have 23 
been achieved against the backdrop of the delayed implementation of the LEZ’s later phases 24 
and vehicles not performing to Euro emission standards during real-life driving 25 
conditions(489) suggests that further tightening of regulations will achieve more pronounced 26 
pollutant reductions. Whilst longer- term evaluations of the LEZs impact are in progress, the 27 
introduction and rigorous evaluation of zones with greater reductions in pollutant levels both 28 
in London and other cities are clearly warranted. It should be noted that the LEZ aimed to  29 
 30 
Whilst the impacts on children’s FVC may appear small; 2.3 ml per Pg m-3 of NO2, these 31 
decrements need to be viewed against the very high annual exposures in the study areas. 32 
Over the full five years of the study the average exposure to NO2 was 41·7 Pg m-3, with an 33 
IQR of 38·7-43·3, equating to projected loss of FVC of between 89·0-99·6 ml. Given the 34 
average FVC seen within the study population of 1·87L, this equates to a loss of between 35 
4·8-5·3%, These calculations require certain caveats as they imply a simple linear 36 
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relationship and the absence of the threshold concentration, but nevertheless they raise 1 
significant public health concerns. Whilst changes of this magnitude are unlikely to be 2 
clinically significant in the healthy population, the more important issue is whether this results 3 
in a failure to attain maximal lung development at adulthood, with potential impacts on long- 4 
term health. (18) Until longer- term impacts are known, clinicians should consider advising 5 
parents of children with significant lung disease to avoid living in high pollutant areas, or to 6 
adopt personal mitigation measures to limit their exposures. 7 
 8 
Unanswered questions and future research:  Research isare needed to determine 9 
whether lung deficits arising from air pollutant exposures in childhood persist into adulthood 10 
and to identify which factors lead to increased susceptibility or protection to these adverse 11 
effects. Whilst long term data from California provide grounds for cautious optimism that 12 
poor lung growth trajectories can be improved by reducing pollution, this must be viewed in 13 
the context of the much higher exposure levels seen in the present study and the different 14 
mix of pollutant sources, particularly diesel vehicles. The extent to which observations in the 15 
USA are generalisable to the European domain is not clear. The present study also only 16 
infers changes in lung growth, from the association of FVC with long and not short- term 17 
exposures. Further studies should use longitudinal cohort designs to assess health impacts 18 
of interventions that will deliver more substantial improvements in urban air qualityAQ. 19 
 20 
Conclusions: Children exposed to diesel-dominated traffic emissions within London’s LEZ 21 
showed small but significant reductions in lung volume. 22 
    23 





Figure 1: Study timeline and annual NO2 models for the pilot year (2008) and the full study 3 
(2009-2013). The upper panel shows the study time line relative to the various phases of the 4 
London Low Emission Zone. The shaded areas represent the annual collection windows, 5 
which ran over the winter periods. The lower panels represent the annual NO2 pollution 6 
maps (2008-2013) used for the exposure assessments. School locations are indicated with 7 
triangles with the individual points indicating the address points used for the volunteers. 8 







Figure 2: Study flowchart from recruitment across the pilot and full study period, indicating 5 
the total number of subjects with technically acceptable FEV1, and linked (short-term to 6 
annual) exposure attributions. 7 
 8 
 9 
Total approached: N=2462 (Pilot, plus full study, years 1-5) 
Consented for health assessment: 
N=2366 
Consented for questionnaire: 
N=92 
Included in primary analysis FEV1  
(annual exposures): N=1981 
No consent for health 
assessment: N=96 
Pilot year:  N=202 
 
FEV1 not available (years 1-5): 
N=151 
 
Included in primary analysis FEV1  
(short term exposures): N=1950 
Nowcast scaling unavailable:  
N=31 
Annual AP at home not available 
 (years 2-6): N=32 
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Figure 3: Running annual mean NOx and NO2 concentrations at inner and outer London 3 
roadside and background sites within and surrounding the study area from the beginning of 4 
2006 to 2014 (panels A and D). Air pollution trends are shown relative the three phases of 5 
the LEZ. Panels B and C show Forest plots of roadside and background trends in NOx 6 
(changes in air pollutant concentrations per year) across the period 2008-2013 by site and 7 
aggregated across sites(RE, refers to the overall trend). Panels E and F, illustrate the 8 
equivalent data for NO2. *** significance at the <0.001, ** significance at <0.01, * significance 9 
at <0.05, per site and aggregated across sites. 10 





Figure 4: Running annual mean PM10 and PM2.5 concentrations at inner and outer London 3 
roadside and background sites within and surrounding the study area from the beginning of 4 
2006 to 2014 (panels A and D). Air pollution trends are shown relative the three phases of 5 
the LEZ. Panels B and C show Forest plots of roadside and background trends in PM10 6 
(changes in air pollutant concentrations per year) across the period 2008-2013 by site and 7 
aggregated across sites. Panels E and F, illustrate the equivalent data for PM2.5. *** 8 
significance at the <0.001, ** significance at <0.01, * significance at <0.05, per site and 9 
aggregated across sites. 10 















Figure 5: Change in FEV1 per unit change in NOx, NO2, PM10 and PM2.5 annual 3 
concentrations, based on residential address, or weighted for periods spent at home and 4 
school address. Data are expressed as means and 95% confidence intervals, for each study 5 
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Figure 65: Change in FEV1 (panels Ai to Aiv) and FVC (panels Bi-Biv) per unit change in 3 
NOx, NO2, PM10 and PM2.5 annual concentrations, based on residential address, or weighted 4 
for periods spent at home and school address. Data are expressed as means and 95% 5 
confidence intervals, for each study year, plus the pilot and aggregated across study years 6 
1-5. * significance at <0.05. 7 
 8 
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Figure 67: Association between each of the 4 selected pollutants with FEV1 and FVC, with 3 
3-hour, 24-hour, 7-day and annual exposure attributions, based on residential address and 4 
weighted for periods spent at school. Data are presented a means with 95% confidence 5 
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Figure 8: Proportion of children with lung function (FEV1 and FVC) below 90, 85 and 11 

















Figure 9: Odds ratios and 95% confidence intervals for current and lifetime allergic 3 
and respiratory symptoms in relation to annual pollutant exposure attributions based 4 
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Has your child had wheezing or whistling in the chest in the past 12 
months? 
Has your child had wheezing or whistling in the chest in the last 12 
months? AND AT LEAST ONE OF: ≥4 attacks of wheezing in the past 
12 months. 
Severe wheeze 
≥1night/week of sleep disturbed by wheezing in the past 12 months; 
wheezing severe enough to limit speech to only one or two words at a 
time between breaths in the past 12 months. 
Rhinitis 
In the past 12 months, has your child had a problem with sneezing, or 
a runny, or a blocked nose when he/she DID NOT have a cold or the 
flu? 
Wheeze Has your child had wheezing or whistling in the chest in the past 12 months? 
Severe wheeze 
Has your child had wheezing or whistling in the chest in the last 12 
months? AND AT LEAST ONE OF: ≥4 attacks of wheezing in the past 
12 months;  
≥1night/week of sleep disturbed by wheezing in the past 12 months; 
wheezing severe enough to limit speech to only one or two words at a 
time between breaths in the past 12 months. 
 Rhinitis 
In the past 12 months, has your child had a problem with sneezing, or 
a runny, or a blocked nose when he/she DID NOT have a cold or the 
flu? 
Eczema 
Has your child ever had an itchy rash which was coming and going for 
at least 6 months? AND Has your child had this itchy rash at any time 
in the last 12 months? AND Has this itchy rash at any time affected any 
of the following places: the folds of the elbows, behind the knees, in 






Asthma Has your child ever had asthma? 
Hayfever Has your child ever had hay fever?   
Eczema 
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Note: Peak expiratory flow (PEF); bronchodilator response (BDR). 4 
 5 


















































































































































Table 3: Subject demographics by study year. 2 
 3 
 Pilot Year 1 Year 2 Year 3 Year 4 Year 5 Year 1-5 
 08/09 09/10 10/11 11/12 12/13 13/14 09-14 














































































Sex (number and %) 









































































































Children living at addresses not meeting the EU annual limit value for NO2 (number* and %) 
        













        














(38.6%) 820 (37.9%) 










(24.7%) 515 (23.8%) 










(22.8%) 528 (24.4%) 

































 Based on all subject for whom linked modelled data was available. 4 
x  5 
 6 
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Table 5: Effects of air pollutants on post-bronchodilator FEV
1  and FVC
 in study years 1-5. D
ata are expressed as a change in volum
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Lung function assessments 2 
 Children’s respiratory function was assessed by spirometry (Microlab,  Micromedical, 3 
Carefusion), performed by trained investigators according to ATS-ERS guidelines s1 with 4 
baseline and post-bronchodilator measurements, following salbutamol, 400 µg, administered 5 
by large volume spacer.  Before each measurement volume calibration with a 3L syringe 6 
was undertaken. A sterile disposable filter/ mouthpiece was attached to the spirometer for 7 
each child and the equipment wiped with alcohol wipes between subjects. A maximum of 10 8 
attempts was normally made (exceptionally, more if needed) until three acceptable and two 9 
repeatable attempts were attained. Each spirometry measurement aimed to obtain three 10 
acceptable and two repeatable attempts both pre and post bronchodilator. A short acting 11 
bronchodilator (salbutamol) was administered after baseline spirometry. Four 100 microgram 12 
actuations were given from a metered dose inhaler (MDI) through a spacer device 13 
(Volumatic). The children took 4 tidal breaths through the Volumatic spacer after each 14 
actuation. A minimum of 15 minutes later post bronchodilator spirometry took place. 15 
 Quality control was based on the ATS/ERS guidelines s1, modified for childrens2.  16 
Additional acceptability requirements were: rapid onset of expiration, high well defined peak 17 
flow and a clear plateau on volume-time curve together with no evidence of cough, glottis 18 
closure or leak during the manoeuvre (from Asthma UK/ Growing Lungs Guidelines). For 19 
quality control and reporting purposes spirometry results were uploaded from the 3 study 20 
spirometers to a Carefusion program “Spirometry” where individual inspection of efforts was 21 
undertaken in detail. Reporting of results was according to ATS-ERS Guidelines and the 22 
best overall individual effort from each child both pre and post salbutamol was selected as 23 
the highest value of FEV1 and FVC, together with FEF25-75 from the best combined effort, 24 
reported from technically acceptable data, which met reproducibility requirements of 0.15 L 25 
agreement for FEV1 and FVC for 2 efforts. Data were then extracted into Excel and individual 26 
efforts were cross checked with original data before being exported into the main study 27 
Access database. Raw data were transformed into Z (or standard deviation) scores using 28 
most the “All-Age” equations by Stanojevic et al., available for white subjects aged 3 to 80 29 
years of age.s3 30 





Table s1:  Elements of the health assessment and indicators obtained  1 
 2 
Element Health indicators obtained 
Height, seated height and weight measurement Height and weight (for calculating predicted 
values for spirometry, body proportions, BMI) 
Spirometry (pre- and post-salbutamol) Lung function (FEV1, FVC) 
Exhaled nitric oxide FeNO 
Urine sample ETS exposure, 8-isoprostane and 8-oxodG 
(markers of systemic inflammation), urinary 
metals (markers of traffic exposure) 
Saliva sample Cortisol (marker of stress), IgA (marker of innate 
mucosal immunity) 
Saliva swab DNA extracted for SNP analysis, telomere length 
ISAAC questionnaire Respiratory and allergic symptoms 
(wheeze/asthma, rhinitis/hay fever, eczema), ETS 
exposure, use of paracetamol and ibuprofen, use 
of gas stove at home 
Finger prick blood sample* Vitamin D level 
Induced sputum^ Respiratory macrophages for assessment of 
macrophage black carbon (marker of traffic 
exposure) 
 3 
BMI, body mass index; FEV1, forced expiratory volume in 1 sec; FVC, forced vital capacity; FeNO, 4 
fraction of exhaled nitric oxide; ETS, environmental tobacco smoke; 8-oxodG, 8-hydroxy-2-deoxy 5 
Guanosine; IgA, immunoglobulin A; SNP, single nucleotide polymorphism (in selected genes of 6 
interest); * added to study protocol for final year only, Year 6; ^ only undertaken during selected 7 
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Air pollutant exposure attribution 1 
 Annual NO2, NOx, PM10 and PM2.5 concentrations were derived using the KCLurban 2 
model s4 using ADMS dispersion model v4 and road source model v2.3 (CERC19), s5 3 
measured hourly meteorological data, empirically derived NO-NO2-O3 and PM relationships 4 
and emissions from the London Atmospheric Emissions Inventory. s4 Separate annual 5 
surface maps for Greater London were produced for the years 2008 to 2013, available at a 6 
20m×20m grid point resolution, linked to the following health assessment periods: Nov 2008 7 
– March 2009 through to Nov 2012 – April 2014. Each yearly model reflected a range of 8 
pollutant sources and emissions, including major and minor roads, with detailed information 9 
on vehicle stock, traffic flows, and speed on a link-by-link basis. Other sources within the 10 
model included large and small regulated industrial processes, boiler plants, domestic and 11 
commercial combustion sources, agriculture, rail, ships, airports, and pollution carried into 12 
the area by prevailing winds. A comprehensive description of this model has been published 13 
previously, together with information on validation against measurements s6 and its 14 
performance against other urban dispersion models. s7 Further information on the 15 
performance of the model against measurements recorded at LAQN monitoring sites has 16 
been summarized previously: 17 
https://www.kcl.ac.uk/lsm/research/divisions/aes/research/ERG/research-18 
projects/traffic/TRAFFIC-SM-Air-pollution-Model.pdf, but for the purposes of this study we 19 
have updated the material in this online resource to include the study years from the present 20 
investigation, Table s2. . All exposures were based on the annual mean within a 20m radius 21 
buffer zone around the residential address of the child. Exposure estimates were weighted 22 
for periods spent at the home (H) and school (S) address points based on the following 23 
criteria: that each child spent 84.4% of their time at home and 15.6% at school, based on a 7 24 
hour school day, for 5 days per week, 39 weeks per year. Thus each child’s weighted 25 
exposure was estimated by EH+S = 0.884*EH + 0.156*ES.  26 
 27 
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Table s2: Values of the spearman correlation coefficient (r), root mean square error (RMSE), 1 
normalised mean gross error (NMGE) and normalised mean bias (NMB) for observed vs. 2 





















2008 NOx 100 −0.120 0.2 18 0.92 
2009 NOx 96 −0.091 0.23 22 0.79 
2010 NOx 87 −0.132 0.23 22 0.86 
2011 NOx 74 -0.196 0.27 27 0.70 
2012 NOx 65 -0.199 0.27 30 0.75 
2013 NOx 68 -0.222 0.28 28 0.77 
2008 NO2 100 −0.011 0.13 5.1 0.93 
2009 NO2 96 0.031 0.15 5.5 0.85 
2010 NO2 87 −0.014 0.14 5.8 0.89 
2011 NO2 74 -0.036 0.16 6.6 0.77 
2012 NO2 65 0.003 0.17 6.7 0.81 
2013 NO2 68 -0.001 0.16 6.3 0.82 
2008 PM10 76 −0.0067 0.104 4.1 0.78 
2009 PM10 74 0.0418 0.117 3.7 0.78 
2010 PM10 68 0.0415 0.13 4.2 0.71 
2011 PM10 58 0.0636 0.11 3.9 0.79 
2012 PM10 49 0.0606 0.12 3.9 0.78 
2013 PM10 43 0.0813 0.16 5.1 0.60 
2008 PM2.5 15 0.0019 0.11 2 0.74 
2009 PM2.5 21 0.104 0.15 2.8 0.59 
2010 PM2.5 20 0.0157 0.15 2.8 0.26 
2011 PM2.5 19 0.0534 0.16 2.8 0.25 
2012 PM2.5 20 0.0543 0.15 2.6 0.27 
2013 PM2.5 20 0.1361 0.17 3.1 0.55 
 5 
 6 
Nowcast method description  7 
Time series exposure estimates were derived at the address point by scaling modelled 8 
annual mean concentrations according to a ‘Nowcast’ factor (f) calculated for each pollutant 9 
for each day of the analysis period. Similar methods have been employed previously. s8,s9 10 
The Nowcast factor (f) was defined as the ratio between concentration of each pollutant 11 
measured by a local subset of continuous air pollution monitoring sites (L) in the defined 12 
prior period (t), and the annual mean (a) measured by the same sites. Thus, the acute 13 
exposure concentration estimate [P] at time t for point (x,y) was calculated as: 14 
    
             
                
    
 
    
  
For this study ‘Nowcast’ scaling factors were calculated for each day of the study period to 15 
obtain a spatially resolved time-series of daily mean PM2.5, PM10, NO2 and NOX 16 
concentrations. To derive NOx and NO2, scaling factors measurements were averaged 17 




















































































































































































































































Boroughs of Tower Hamlets and Hackney, based on data availability. For the PM10 and PM2.5 1 
scaling factors measurements from 9-13 and 14-20 background and roadside sites were 2 
averaged, respectively. All measurements were taken from the London Air Quality 3 
Monitoring Network (LAQN, www.londonair.org.uk). 4 
 5 
Nowcast method evaluation 6 
The Nowcast method has previously been evaluated according to the metrics recommended 7 
for the evaluation of air quality models by the Department for Environment, Food & Rural 8 
Affairs (DEFRA).s10NO2 and PM10 Nowcast factors were calculated for address points 9 
coincidental with a randomly selected subset of London Air Quality Monitoring Network 10 
(LAQN, www.londonair.org.uk) monitoring sites and compared to measured concentrations 11 
over two years from June 2008 to May 2010. The test included 268,000 comparisons for 12 
PM10 and 197,000 for NO2. The results of the Nowcast evaluation are shown in Table s3. 13 
There was a bias evident in both pollutant models, with the Nowcast tending to under predict 14 
measured concentrations. This is due to two factors: (1) the 20 m resolution of the model 15 
means that it cannot reflect high concentrations within a few metres of roads and may 16 
underestimate kerbside concentrations and (2) part of the Nowcast calculation is based on 17 
median rather than mean concentrations to avoid undue influence from extraneous high or 18 
low measurements. The normalised mean bias for NO2 and PM10 is within the DEFRA 19 
recommended bounds of ± 20% and the FAC2 (fraction of predictions within a factor of 0.5 20 
to 2) is well above the recommended 50%. 21 
 22 
Table s3: Results of the Nowcast evaluation Jan 2009 to May 2010, representing mean 23 























PM10 25 23 2 7 9 19 99 
NO2 56 52 5 30 8 34 85 
 25 
 26 
Table s4 shows Nowcast performance at each of the 16 PM10 monitoring sites in the 27 
evaluation. The FAC2 is greater than 50% at all sites meeting the DEFRA criteria. The 28 
normalised mean bias is inside the DEFRA recommended range of ± 20% at 13 sites. At 29 
three sites close to roads (highlighted in grey) normalised mean bias is outside the range of 30 
± 20%. At these sites the 20 m model resolution cannot fully represent peak concentrations 31 
within a few metres of traffic sources. 32 





















































Table s4: Individual site results of the Nowcast evaluation Jan 2009 to May 2010 for 16 PM10 sites 2 
(c. 11,000 predictions). Letters following the site code denote the site type, (K) = kerbside, (R) = 3 
























BL0 (B) 19 19 0 4 1 15 100 
BN1( K) 23 25 -2 3 -8 11 100 
BT1(B) 18 17 0 3 2 9 100 
CD3(R) 30 26 4 5 13 16 100 
GR4(B) 24 19 5 4 19 20 100 
HG1(R) 22 19 3 4 14 16 99 
HR1(B) 17 17 0 2 -2 9 100 
HS5(R) 32 21 11 15 34 35 89 
IS2(R) 27 25 3 4 10 15 100 
KC1(B) 21 19 2 2 10 11 100 
KC2(R) 28 26 1 4 4 12 100 
LH2(B) 23 20 3 4 14 16 100 
MY1(K) 36 44 -8 13 -21 33 96 
ST4(K) 25 17 8 4 31 31 97 
TH1(B)  22 19 3 3 13 14 100 
TH4(R) 34 29 5 7 14 18 99 
 5 
Notes: Bloomsbury, Russell Square background (BL0), Barnet, Tally Ho Corner kerbside (BN1), 6 
Brent, Kingsbury background (BT1), Camden, Shaftesbury Avenue roadside (CD3); Greenwich, 7 
Eltham background (GR4); Haringey, Town Hall background (HG1); Harrow, Stanmore 8 
background (HR1); Hounslow, Brentford roadside (HS5); Islington, Holloway Road (IS2); 9 
Kensington & Chelsea, North Kensington background (KC1); Kensington & Chelsea, Cromwell 10 
Road (KC2); London Heathrow background (LH2); Marylebone Road (MY1); Sutton, Wallington 11 
roadside (ST4); Tower Hamlets, Popular background (TH1); Tower Hamlets, Blackwall Tunnel 12 




Table s5 shows the Nowcast performance at 12 NO2 sites. The FAC2 is greater than 50% at 17 
all sites meeting the defra criteria. The normalised mean bias is inside the recommended 18 
range of ± 20% at nine of the twelve sites. It was outside the range of ± 20% at two sites 19 
close to roads (highlighted in grey) where the 20 m model resolution cannot fully represent 20 
peak concentrations within a few metres of traffic sources. The normalised mean bias was 21 
also outside ± 20% at one background site.  22 













































Table s5: Nowcast evaluation Jan 2009 to May 2010 run in retrospective mode for 12 NO2 2 
sites (c. 197,000 predictions). Letters following the site code denote the site type, (K) = 3 
























BN1(K) 68 61 7 24 11 29 91 
BT1(B) 32 31 1 12 3 30 86 
CD3(R) 84 65 18 25 22 30 86 
EA1(B) 40 41 -1 11 -3 21 97 
EA2(R) 58 53 5 22 9 26 94 
GR4(B) 24 30 -6 10 -23 38 73 
HR1(B) 26 29 -3 11 -10 34 82 
HS5(R) 59 48 11 19 19 28 90 
IS2(R) 59 62 -2 20 -4 28 92 
MY1(K) 107 116 -9 62 -9 48 72 
ST4(K) 76 42 34 42 44 50 63 
TH1(B) 37 37 1 10 2 19 99 
 5 
Notes: Barnet, Tally Ho Corner kerbside (BN1), Brent, Kingsbury background (BT1), 6 
Camden, Shaftesbury Avenue roadside (CD3); Ealing, Ealing  Town Hall background (EA1); 7 
Ealing, Acton Town Hall roadside (EA2); Greenwich, Eltham background (GR4); Harrow, 8 
Stanmore background (HR1); Hounslow, Brentford roadside (HS5); Islington, Holloway Road 9 
(IS2); Marylebone Road (MY1); Sutton, Wallington roadside (ST4); Tower Hamlets, Popular 10 


































































































































Figure s1: Annual NOx maps for the years 2008 -2013. Individual points reflect the residential 3 
address of the volunteers tested during the winter periods, with the school locations highlighted 4 
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Figure s2: Annual PM10 maps for the years 2008 -2013. 3 
 4 
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Table s6: Pearson correlation between 6-9am NOWCAST derived pollutant attributions for 2 









Table s7: Pearson correlation between 24 hour NOWCAST derived pollutant attributions for 12 
participants across each of the 5 study years, plus pilot.   13 
Pilot NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 1 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 0.96 1.00 NO2 0.96 1.00
PM10 0.85 0.79 1.00 PM10 0.86 0.77 1.00
PM2.5 0.78 0.69 0.96 1.00 PM2.5 0.86 0.79 0.98 1.00
NOx 1.00 0.96 0.85 0.78 1.00 NOx 1.00 0.96 0.87 0.87 1.00
NO2 0.95 1.00 0.79 0.69 0.96 1.00 NO2 0.96 1.00 0.78 0.80 0.96 1.00
PM10 0.85 0.79 1.00 0.97 0.85 0.79 1.00 PM10 0.85 0.77 1.00 0.98 0.86 0.78 1.00
PM2.5 0.77 0.68 0.96 1.00 0.78 0.69 0.96 1.00 PM2.5 0.86 0.78 0.98 1.00 0.87 0.79 0.98 1.00
Year 2 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 3 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 0.93 1.00 NO2 0.89 1.00
PM10 0.59 0.67 1.00 PM10 0.63 0.58 1.00
PM2.5 0.67 0.71 0.96 1.00 PM2.5 0.51 0.39 0.94 1.00
NOx 1.00 0.93 0.60 0.69 1.00 NOx 1.00 0.89 0.63 0.52 1.00
NO2 0.92 1.00 0.69 0.73 0.93 1.00 NO2 0.89 1.00 0.59 0.39 0.89 1.00
PM10 0.58 0.66 1.00 0.96 0.59 0.68 1.00 PM10 0.63 0.58 1.00 0.94 0.63 0.59 1.00
PM2.5 0.67 0.70 0.96 1.00 0.68 0.72 0.96 1.00 PM2.5 0.51 0.38 0.94 1.00 0.52 0.39 0.94 1.00
Year 4 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 5 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 0.93 1.00 NO2 0.91 1.00
PM10 0.59 0.55 1.00 PM10 0.62 0.52 1.00
PM2.5 0.60 0.57 0.97 1.00 PM2.5 0.73 0.69 0.85 1.00
NOx 1.00 0.93 0.59 0.60 1.00 NOx 1.00 0.91 0.62 0.73 1.00
NO2 0.93 1.00 0.55 0.57 0.93 1.00 NO2 0.90 1.00 0.52 0.69 0.90 1.00
PM10 0.59 0.55 1.00 0.97 0.59 0.55 1.00 PM10 0.61 0.51 1.00 0.85 0.61 0.51 1.00
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Table s8: Pearson correlation between 7-day NOWCAST derived pollutant attributions for 11 
participants across each of the 5 study years, plus pilot.   12 
Pilot NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 1 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 0.94 1.00 NO2 0.97 1.00
PM10 0.95 0.88 1.00 PM10 0.76 0.74 1.00
PM2.5 0.90 0.78 0.94 1.00 PM2.5 0.69 0.66 0.93 1.00
NOx 1.00 0.94 0.95 0.90 1.00 NOx 1.00 0.97 0.77 0.71 1.00
NO2 0.94 1.00 0.88 0.78 0.94 1.00 NO2 0.97 1.00 0.75 0.68 0.97 1.00
PM10 0.95 0.88 1.00 0.94 0.95 0.88 1.00 PM10 0.75 0.73 1.00 0.93 0.76 0.74 1.00
PM2.5 0.89 0.77 0.94 1.00 0.90 0.78 0.94 1.00 PM2.5 0.69 0.66 0.93 1.00 0.71 0.67 0.93 1.00
Year 2 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 3 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 0.87 1.00 NO2 0.89 1.00
PM10 0.83 0.81 1.00 PM10 0.70 0.59 1.00
PM2.5 0.87 0.80 0.96 1.00 PM2.5 0.65 0.50 0.98 1.00
NOx 1.00 0.87 0.84 0.88 1.00 NOx 1.00 0.89 0.71 0.66 1.00
NO2 0.87 1.00 0.82 0.81 0.87 1.00 NO2 0.89 1.00 0.60 0.51 0.89 1.00
PM10 0.82 0.81 1.00 0.96 0.83 0.82 1.00 PM10 0.69 0.59 1.00 0.98 0.70 0.60 1.00
PM2.5 0.87 0.80 0.96 1.00 0.88 0.81 0.96 1.00 PM2.5 0.65 0.50 0.98 1.00 0.66 0.51 0.98 1.00
Year 4 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 5 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 0.94 1.00 NO2 0.95 1.00
PM10 0.48 0.51 1.00 PM10 0.80 0.70 1.00
PM2.5 0.63 0.64 0.94 1.00 PM2.5 0.85 0.78 0.83 1.00
NOx 1.00 0.94 0.48 0.63 1.00 NOx 1.00 0.95 0.81 0.86 1.00
NO2 0.94 1.00 0.51 0.64 0.94 1.00 NO2 0.95 1.00 0.71 0.79 0.95 1.00
PM10 0.48 0.51 1.00 0.94 0.48 0.51 1.00 PM10 0.79 0.69 1.00 0.83 0.80 0.70 1.00
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Table s9: Pearson correlation between annual derived pollutant attributions for participants 10 
across each of the 5 study years, plus pilot.   11 
Pilot NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 1 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 0.97 1.00 NO2 0.97 1.00
PM10 0.79 0.69 1.00 PM10 0.79 0.74 1.00
PM2.5 0.80 0.70 0.98 1.00 PM2.5 0.74 0.67 0.95 1.00
NOx 1.00 0.97 0.81 0.82 1.00 NOx 1.00 0.97 0.80 0.76 1.00
NO2 0.97 1.00 0.70 0.72 0.97 1.00 NO2 0.97 1.00 0.75 0.69 0.97 1.00
PM10 0.78 0.68 1.00 0.98 0.79 0.69 1.00 PM10 0.78 0.73 1.00 0.95 0.80 0.75 1.00
PM2.5 0.79 0.69 0.98 1.00 0.81 0.70 0.98 1.00 PM2.5 0.73 0.67 0.95 1.00 0.76 0.69 0.95 1.00
Year 2 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 3 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 0.92 1.00 NO2 0.90 1.00
PM10 0.31 0.28 1.00 PM10 0.69 0.73 1.00
PM2.5 0.38 0.30 0.94 1.00 PM2.5 0.63 0.61 0.98 1.00
NOx 0.99 0.91 0.30 0.38 1.00 NOx 1.00 0.89 0.69 0.63 1.00
NO2 0.90 0.99 0.28 0.29 0.91 1.00 NO2 0.90 1.00 0.73 0.62 0.90 1.00
PM10 0.29 0.26 1.00 0.94 0.29 0.26 1.00 PM10 0.69 0.72 1.00 0.98 0.69 0.73 1.00
PM2.5 0.37 0.29 0.94 1.00 0.37 0.28 0.94 1.00 PM2.5 0.63 0.61 0.98 1.00 0.63 0.61 0.98 1.00
Year 4 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 5 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 0.95 1.00 NO2 0.91 1.00
PM10 0.52 0.54 1.00 PM10 0.76 0.76 1.00
PM2.5 0.61 0.61 0.98 1.00 PM2.5 0.70 0.68 0.94 1.00
NOx 1.00 0.95 0.51 0.61 1.00 NOx 1.00 0.89 0.78 0.72 1.00
NO2 0.96 1.00 0.54 0.62 0.95 1.00 NO2 0.92 1.00 0.79 0.71 0.91 1.00
PM10 0.51 0.54 1.00 0.98 0.51 0.54 1.00 PM10 0.76 0.75 1.00 0.94 0.78 0.78 1.00
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FEV1 or AP exposure missing 
 
FEV1 and AP exposure recorded 
 
     
Age (years) 183 8.8(0.3) 1981 8.9(0.3) 
Gender 
    - Male 70 38.3% 943 47.6% 
- Female 108 59.0% 1038 52.4% 
Pilot NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 1 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 1.00 1.00 NO2 1.00 1.00
PM10 0.97 0.97 1.00 PM10 0.93 0.94 1.00
PM2.5 0.97 0.97 0.99 1.00 PM2.5 0.93 0.94 0.98 1.00
NOx 1.00 0.99 0.96 0.97 1.00 NOx 0.99 0.99 0.91 0.92 1.00
NO2 0.99 1.00 0.95 0.96 1.00 1.00 NO2 0.99 0.99 0.92 0.93 1.00 1.00
PM10 0.97 0.97 1.00 0.99 0.97 0.96 1.00 PM10 0.93 0.94 1.00 0.99 0.93 0.94 1.00
PM2.5 0.97 0.96 0.98 1.00 0.97 0.97 0.99 1.00 PM2.5 0.92 0.93 0.97 0.99 0.93 0.94 0.98 1.00
Year 2 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 3 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 1.00 1.00 NO2 1.00 1.00
PM10 0.94 0.95 1.00 PM10 0.94 0.96 1.00
PM2.5 0.90 0.92 0.99 1.00 PM2.5 0.92 0.94 0.98 1.00
NOx 0.98 0.98 0.90 0.87 1.00 NOx 0.99 0.98 0.92 0.91 1.00
NO2 0.97 0.98 0.91 0.88 1.00 1.00 NO2 0.98 0.99 0.93 0.93 1.00 1.00
PM10 0.93 0.95 0.98 0.97 0.94 0.95 1.00 PM10 0.94 0.95 0.99 0.98 0.94 0.96 1.00
PM2.5 0.90 0.91 0.97 0.98 0.90 0.91 0.99 1.00 PM2.5 0.90 0.92 0.95 0.99 0.93 0.94 0.98 1.00
Year 4 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5 Year 5 NOx NO2 PM10 PM2.5 NOx NO2 PM10 PM2.5
NOx 1.00 NOx 1.00
NO2 0.99 1.00 NO2 1.00 1.00
PM10 0.93 0.96 1.00 PM10 0.94 0.96 1.00
PM2.5 0.89 0.92 0.96 1.00 PM2.5 0.92 0.94 0.97 1.00
NOx 0.99 0.99 0.92 0.89 1.00 NOx 0.99 0.99 0.93 0.92 1.00
NO2 0.99 0.99 0.95 0.92 0.99 1.00 NO2 0.99 0.99 0.95 0.94 1.00 1.00
PM10 0.93 0.95 0.99 0.96 0.93 0.96 1.00 PM10 0.94 0.96 0.99 0.98 0.94 0.96 1.00
















































































































- Not reported 5 2.7% 0 0.0% 
Reported ethnicity 
    - Asian 73 39.9% 747 37.7% 
- Black 51 27.9% 464 23.4% 
- White 39 21.3% 489 24.7% 
- Mixed / other 17 9.3% 276 13.9% 
- Not reported 3 1.6% 5 0.3% 
Height (cm) 110 133.6 (6.7) 1981 134.0 (6.8) 
Weight (kg) 110 31.1 (6.7) 1979 32.6 (8.0) 
BMI (kg/m2) 110 17.3 (3.0) 1979 18.0 (3.3) 
Deprivation score 183 44.9 (12.4) 1957 45.0 (11.3) 
Annual mean NOx home (µg/m3) 146 70.6 (10.9) 1981 70.6 (13.3) 
Annual mean NOx school (µg/m3) 147 71.5 (12.9) 1981 71.0 (13.9) 
Annual mean NO2 home (µg/m3) 146 41.6 (4.3) 1981 41.6 (5.1) 
Annual mean NO2 school (µg/m3) 147 41.9 (5.1) 1981 41.8 (5.5) 
Annual mean PM10 home (µg/m3) 146 24.6 (1.6) 1981 24.6 (1.6) 
Annual mean PM10 school (µg/m3) 147 24.6 (1.4) 1981 24.6 (1.5) 
Annual mean PM2.5 home (µg/m3) 146 14.8 (1.0) 1981 14.8 (1.1) 
Annual mean PM2.5 school (µg/m3) 147 14.8 (1.0) 1981 14.8 (1.1) 
















































































































































 Table s11: K
ey characteristics of the study boroughs w
ithin central London, w
ith com
parators for London as a w
hole and the U
K
. D
ata are provided for 2009 
1 
(study year 1) and 2014 (study year 5), w
ith ethnic diversity based on 2011 census data and IM
D
 presented reference years 2007, 2010 and 2015.   
2 
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Table s12:  Effect estimates for the association between demographic variables and 1 
measures of Lung Functions (study years 1-5). Associations are adjusted for all annual 2 






 N=1859 N=1859 
 Coeff, 95% CI p Coeff, 95% CI p 
     
Age 0.0331 [0.0052,0.0610] 0.02 0.0502 [0.0180,0.0823] 0.002 
Gender -0.0859 [-0.1032,-0.0686] <0.001 -0.1383 [-0.1582,-0.1184] <0.001 
Height 0.0266 [0.0251,0.0281] <0.001 0.0284 [0.0266,0.0301] <0.001 
BMI 0.0065 [0.0037,0.0093] <0.001 0.0138 [0.0106,0.0171] <0.001 
IMD score -0.0005 [-0.0013,0.0003] 0.245 -0.0004 [-0.0013,0.0005] 0.38 
ETS CCR -0.0144 [-0.0387,0.0098] 0.243 -0.0155 [-0.0434,0.0124] 0.28 
Ethnicity Black vs Asian -0.1182 [-0.1431,-0.0932] <0.001 -0.1103 [-0.1388,-0.0819] <0.001 
Ethnicity White vs Asian 0.1217 [0.0974,0.1460] <0.001 0.1644 [0.1368,0.1920] <0.001 
Ethnicity Mixed vs Asian 0.1063 [0.0784,0.1342] <0.001 0.1281 [0.0960,0.1601] <0.001 
Study year 2 vs 1 0.0238 [-0.0491,0.0967] 0.522 0.0669 [-0.0225,0.1562] 0.14 
Study year 3 vs 1 0.0259 [-0.0780,0.1298] 0.626 0.0378 [-0.0922,0.1677] 0.57 
Study year 4 vs 1 0.0072 [-0.0391,0.0536] 0.76 0.0059 [-0.0513,0.0631] 0.84 
Study year 5 vs 1 -0.0051 [-0.1164,0.1061] 0.928 -0.0342 [-0.1729,0.1046] 0.63 

















Table s13: Effects of air pollutants on post-bronchodilator FEV1 in study years 1-5 and with 20 




FEV1 Adjusted models* 
Years 1-5 
 
FEV1 Adjusted models* 
Years 1-5 + pilot 
N Coeff, 95% CI p N Coeff, 95% CI p 


































































































NOx 1870 0.0001 [-0.0005,0.0006] 0.84 2000 0.0000 [-0.0005,0.0005] 0.96 
NO2 1870 0.0009 [-0.0008,0.0026] 0.31 2000 0.0006 [-0.0011,0.0022] 0.49 















NOx 1870 0.0001 [-0.0001,0.0004] 0.32 2000 0.0001 [-0.0002,0.0003] 0.56 
NO2 1870 0.0005 [-0.0005,0.0014] 0.33 2000 0.0003 [-0.0007,0.0012] 0.57 










NOx 1870 0.0002 [-0.0000,0.0003] 0.076 2000 0.0001 [-0.0000,0.0003] 0.17 
NO2 1870 0.0006 [-0.0001,0.0014] 0.11 2000 0.0005 [-0.0002,0.0012] 0.19 
PM10 1870 0.0005 [-0.0002,0.0011] 0.18 2000 0.0004 [-0.0002,0.0011] 0.22 
PM2.5 1870 0.0007 [-0.0001,0.0015] 0.086 2000 0.0007 [-0.0001,0.0015] 0.10 




NOx 1900 -0.0005 [-0.0013,0.0002] 























NOx 1870 0.0001 [-0.0005,0.0006] 0.75 2000 0.0000 [-0.0005,0.0005] 0.96 
NO2 1870 0.001 [-0.0007,0.0027] 0.24 2000 0.0007 [-0.0009,0.0023] 0.40 






PM2.5 1870 -0.0018 [-0.0033,-0.0004] 







NOx 1870 0.0001 [-0.0001,0.0004] 0.28 2000 0.0001 [-0.0002,0.0003] 0.50 
NO2 1870 0.0005 [-0.0004,0.0014] 0.28 2000 0.0003 [-0.0006,0.0012] 0.51 
PM10 
1870 0.0000 [-0.0007,0.0008] 0.95 2000 -0.0001 [-
0.0008,0.0007] 
0.85 





NOx 1870 0.0002 [-0.0000,0.0003] 0.061 2000 0.0001 [-0.0000,0.0003] 0.14 
NO2 1870 0.0007 [-0.0001,0.0014] 0.086 2000 0.0005 [-0.0002,0.0012] 0.16 
PM10 1870 0.0005 [-0.0002,0.0011] 0.16 2000 0.0004 [-0.0002,0.0010] 0.20 
PM2.5 1870 0.0007 [-0.0001,0.0015] 0.081 2000 0.0007 [-0.0001,0.0014] 0.095 
        
 1 
* Models are adjusted for age, gender, height, BMI, IMD deprivation index, urinary cotinine:creatine 2 
ratio >30, reported ethnicity and study year and includes a random intercept for school. 3 
 4 
Table s14: Effects of air pollutants on post-bronchodilator FVC in study years 1-5 and with 5 
the pilot year included. 6 
































































































































































































































































Exposure FVC Adjusted models* 
Years 1-5 
 
Years 1-5 + pilot 
N Coeff, 95% CI p N Coeff, 95% CI p 




NOx 1859 -0.0009 [-0.0017,-0.0001] 0.026 1988 -0.0009 [-0.0017,-0.0001] 0.023 
NO2 1859 -0.0023 [-0.0044,-0.0002] 0.033 1988 -0.0023 [-0.0043,-0.0002] 0.031 
PM10 1859 -0.0090 [-0.0175,-0.0005] 0.038 1988 -0.0087 [-0.0168,-0.0006] 0.036 
PM2.5 1859 
-0.0193 [-





NOx 1829 -0.0002 [-0.0008,0.0004] 0.53 1958 -0.0003 [-0.0009,0.0003] 0.32 
NO2 1829 
-3.7e-05 [-
0.0020,0.0019] 0.97 1958 -0.0005 [-0.0024,0.0014] 0.63 
PM10 1829 -0.0017 [-0.0031,-0.0004] 0.013 1958 -0.002 [-0.0033,-0.0006] P<0.01 





NOx 1829 0.0001 [-0.0002,0.0004] 0.69 1958 -6.0e-06 [-0.0003,0.0003] 0.97 
NO2 1829 0.0002 [-0.0009,0.0013] 0.77 1958 -0.0001 [-0.0012,0.0010] 0.86 
PM10 1829 
-0.0001 [-
0.0010,0.0008] 0.82 1958 -0.0002 [-0.0011,0.0006] 0.59 
PM2.5 1829 
2.9e-05 [-





NOx 1829 0.0002 [-0.0001,0.0004] 0.14 1958 0.0001 [-0.0001,0.0003] 0.29 
NO2 1829 0.0006 [-0.0003,0.0015] 0.19 1958 0.0004 [-0.0004,0.0013] 0.34 
PM10 1829 0.0004 [-0.0003,0.0012] 0.28 1958 0.0003 [-0.0004,0.0011] 0.40 
PM2.5 1829 0.0007 [-0.0002,0.0017] 0.13 1958 0.0006 [-0.0003,0.0016] 0.18 




NOx 1859 -0.0009 [-0.0018,-0.0001] 0.033 1988 -0.001 [-0.0018,-0.0001] 0.028 
NO2 1859 -0.0023 [-0.0046,-0.0001] 0.042 1988 -0.0023 [-0.0046,-0.0001] 0.037 
PM10 1859 
-0.0091 [-0.0183,-
0.0000] 0.050 1988 -0.009 [-0.0178,-0.0002] 0.044 
PM2.5 1859 
-0.0189 [-





NOx 1829 -0.0002 [-0.0008,0.0005] 0.61 1958 -0.0003 [-0.0009,0.0003] 0.37 
NO2 1829 0.0001 [-0.0018,0.0020] 0.91 1958 -0.0003 [-0.0022,0.0016] 0.73 
PM10 1829 -0.0016 [-0.0030,-0.0003] 0.015 1958 -0.0019 [-0.0032,-0.0006] P<0.01 





NOx 1829 0.0001 [-0.0002,0.0004] 0.63 1958 6.0e-06 [-0.0003,0.0003] 0.97 
NO2 1829 0.0002 [-0.0009,0.0013] 0.70 1958 -0.0001 [-0.0011,0.0010] 0.927 
PM10 1829 
-0.0001 [-
0.0009,0.0008] 0.86 1958 -0.0002 [-0.0011,0.0006] 0.62 
PM2.5 1829 
4.2e-05 [-






























































































































































































































NOx 1829 0.0002 [-0.0000,0.0004] 0.12 1958 0.0001 [-0.0001,0.0003] 0.25 
NO2 1829 0.0006 [-0.0002,0.0015] 0.16 1958 0.0004 [-0.0004,0.0013] 0.30 
PM10 1829 0.0004 [-0.0003,0.0012] 0.26 1958 0.0003 [-0.0004,0.0011] 0.37 
PM2.5 1829 0.0007 [-0.0002,0.0016] 0.13 1958 0.0006 [-0.0003,0.0015] 0.17 
        
 1 
* Models are adjusted for age, gender, height, BMI, IMD deprivation index, urinary cotinine:creatine 2 
ratio >30, reported ethnicity and study year and includes a random intercept for school. 3 
 4 





FEV1 Adjusted models* 
Years 1-5 
 
FVC Adjusted models* 
Years 1-5 
N Coeff, 95% CI p N Coeff, 95% CI p 





NOx 1908 -0.0004 [-0.0011,0.0003] 


















NOx 1875 -0.0001 [-0.0006,0.0005] 
0.83 1844 -0.0001 [-0.0007,0.0006] 0.85 
NO2 1875 0.0005 [-0.0012,0.0022] 0.59 1844 0.0003 [-0.0016,0.0022] 0.76 















NOx 1875 0 [-0.0003,0.0003] 0.91 1844 4.0e-05 [-0.0003,0.0003] 0.80 














NOx 1875 0.0001 [-0.0001,0.0003] 0.32 1844 0.0001 [-0.0001,0.0003] 0.28 
NO2 1875 0.0005 [-0.0002,0.0013] 0.17 1844 0.0005 [-0.0004,0.0014] 0.26 
PM10 1875 0.0001 [-0.0006,0.0008] 0.74 1844 0.0003 [-0.0005,0.0010] 0.51 
PM2.5 1875 0.0003 [-0.0005,0.0011] 0.47 1844 0.0005 [-0.0005,0.0014] 0.35 




NOx 1908 -0.0004 [-0.0011,0.0004] 





































































































































































































































NOx 1875 0.0000 [-0.0006,0.0005] 0.90 1844 -2.4e-05 [-0.0007,0.0006] 0.94 
NO2 1875 0.0006 [-0.0011,0.0023] 0.50 1844 0.0005 [-0.0015,0.0024] 0.64 














NOx 1875 0.0000 [-0.0002,0.0003] 0.86 1844 4.9e-05 [-0.0003,0.0003] 0.75 













NOx 1875 0.0001 [-0.0001,0.0003] 0.28 1844 0.0001 [-0.0001,0.0003] 0.25 
NO2 1875 0.0006 [-0.0002,0.0013] 0.15 1844 0.0005 [-0.0003,0.0014] 0.22 
PM10 1875 0.0001 [-0.0005,0.0008] 0.71 1844 0.0003 [-0.0005,0.0010] 0.48 
PM2.5 1875 0.0003 [-0.0005,0.0011] 0.46 1844 0.0004 [-0.0005,0.0014] 0.34 
        
 1 
* Models are adjusted for age, gender, height, BMI, IMD deprivation index, urinary 2 
cotinine:creatine ratio >30, reported ethnicity and study year and includes a random 3 





















































































































Figure s4: The impact of ethnicity on the associations between annual pollutant attributions 4 
with FVC. Effect estimates are presented as means with 95% confidence intervals, based on 5 
home and home+school exposures. Subjects are classified based on self-reported ethnicity. 6 
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Figure s5: Yearly prevalence of rhinitis (panel A) and lifetime asthma (panel B) in relation to 3 
annual exposure to NOx, NO2, PM10 and PM2.5, based on residential address.   4 
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Professor Audrey Ceschia  
Editor-in-Chief  
The Lancet Public Health  
125 London Wall  





Dear Professor Ceschia,  
  
Re: D-17-00529: Impact of London’s Low Emission Zone on air quality and   
children’s respiratory health: a sequential annual cross-sectional study  
  
Further to your letter, we are pleased to submit a final revised version of the manuscript, with a 
version giving tracked changes.   
  
We address the points in your letter as follows:  
  
1. The word count is reduced to 4947 (excluding Box1), largely by removing the 
discussion of ethnic differences in the magnitude of response. We have not found it 
possible to cut the length any further while retaining the necessary caveats and enhanced 
discussion requested by the reviewers.  
2. Non-text items in the manuscript are reduced to six (we have compiled Figures 4 
and 5, into a new Figure 4), with remaining items moved to the supplement (Figures s6 and 
s7).  
3. The number of references is reduced to 48. Again, it has not been possible to reduce 
this to 35 and retain the necessary technical references required in a piece of work 
requiring a detailed discussion of measurement and modelling approaches.  
4. The Research in Context section has been revised.  
5. The study title is altered to include a descriptor: ‘Impact of London’s Low Emission 
Zone on air quality and children’s respiratory health: a sequential cross-sectional study.’  
6. The STROBE checklist is attached.  
7. Numerators and denominators are given with percentages  
8. Statistical significance is given to two decimal places, unless p<0.0001.  
9. The methods section now includes sensitivity analyses  
10. The role of the funding source is amended to the Lancet style.  
11. Author contribution statements and COI forms are attached. We grant THE LANCET 
PUBLIC HEALTH permission to use the forms signed for The Lancet by all authors. 
12. The appendix (supplement) is attached as a single paginated pdf.  




Actual annual averages for NOx, NO2, PM10 and PM2.5 are not provided, only the deltas or amount 
by which they changed. This makes it difficult to compare the values with those in other regions of 
the world or what were the relative changes during the 5 years. Can you add a supplementary table 
with the actual concentrations in addition to what is shown in figures 3 and 4?  
 
Panels A and D in Figures 3 and 4 provide the running annual mean for 
London Air Quality Network (LAQN) sites (classified as inner and outer London roadside and 
*Reply to Reviewers Comments
background) within the study domain over the period 2006 to 2014. The assessment of 
overall change has been performed at a more prescribed set of sites, where tighter criteria 
have been applied to allow a robust statistical analysis (panels B, C, E and F). We could 
produce a supplementary table, but we feel this would only duplicate the information 
already in panels A and B, which do allow a comparison to be made between pollution levels 
in London vs. elsewhere.  
  
  
The first result that is mentioned is that there is an improvement in the number of children living in 
areas that do not meet the standards. This is important, but where are the data for this? I could not 
find them anywhere. This should be added, perhaps to Table 3 or in the supplementary materials.  
  





The authors state that the data for PM are "mixed". Indeed. While figure 4 shows downward trends 
in several locations, though not significant over all locations combined, the heat maps in 
supplemental figures s2 and s3 show an increasing trend over the study period. This is not at all 
discussed in the text. Please add some text to describe the increase and why you are seeing this 
when the overall trends are downward?  
  
We have removed the word ‘mixed’ and replaced it with ‘unclear’. There are 
acknowledged inconsistencies between modelled estimates and measurements, which really 
boil down to how representative the monitoring sites are for all locations within the city, and 
from a modelling perspective the inherent uncertainties and errors with the current emission 
inventories. Reviewing the data, the annual surface maps for NO2, NOx and PM2.5 do show a 
pattern of decrease over the study period, which is broadly consistent with the trend lines 
(running annual mean) in panels A and D in figure 3 and 4. The only pollutant where the 
annual modelled maps appear to support the view for an increase is PM10 and there are 
potential reasons for this, which have been explored in Font, A et al., 2016 (ref  35). The 
current view is that this likely reflects an increase in the contribution of mechanical abrasion 
particles to the airshed, reflecting heavier vehicles, especially within the outer London areas. 
This is a complex issue to discuss and given the space constraints, one which we do not feel 




Somewhere in the answers to previous reviewers, the authors mention that the LEZ was introduced 
primarily to reduce PM concentrations. From the data presented here, one can only conclude that 
something has not been working as intended in implementing this scheme. The suggestion that it 
will take further efforts to control pollution before health improvements can be observed seems 
right on. Maybe this deserves a bit more attention as well, as it is an extremely important message 
to policy makers. The issue of increased diesel vehicles and non-compliant ones at that (VW scandal) 
could be brought out more.   
  
The reviewer is correct the LEZ’s stated aim was to reduce PM10, with the aim of improving air 
quality. At the time we and others pointed out the difficulty in demonstrating this given the 
relatively low contribution of exhaust derived PM to the measured ambient, the relatively 
small proportion of the fleet targeted and the inherent measurement uncertainties of the 
available measurement techniques. We covered this issue in our previous assessment of the 
early years of the LEZ (Wood H et al., 2015).  Ideally one would have measured 
black/elemental carbon to assess the exhaust abatement approaches, but these are not 
routinely measured across the LAQN network. Instead, we have proposed that examining 
NO2 provides a good proxy measure of the effectiveness of the LEZ measures on exhaust PM 
emission, as they are highly correlated. We have made this point more clearly in text 
(page 16, line 33)  
  
Concordant with this roadside black carbon has decreased over this period, though we only 
have data across part of the study period and from a single roadside location. Again, we are 
limited by the space constraints of the paper (we must remove more text, than we can add at 
this point) and so a detailed discussion of these issues cannot really be accommodated. We 
had already made mention of the potential negative impact of the diesel emission scandal on 
the objectives of the LEZ (Page 16, line 36; Page 17, lines 1-3).   
  
  
Study design and study power  
One important limitation that is not mentioned is that there are no measurements before the LEZ 
Phase 1 went into effect (i.e. before 2008). It is understood that the study started in 2010 and it was 
not possible to get those measurements, but it is something that should be discussed as a limitation. 
The changes "pre versus post" could have been larger since 2007 or before.   
  




It gives me some pause that some results for individual years are not significant, but they are when 
combined over all 5 years (e.g. figure 6). Is that an indication the study power is limited 
when analyzed for each year separately, but study power is sufficient over the whole group? Please 
discuss.   
  
We have provided a detailed justification of our power calculation on page 9, but the author 
is correct to highlight the fact that the negative impact of air pollution on FVC is only evident 
in the pooled analysis. This likely reflects the weakness of the cross-sectional design, which 
we have already acknowledged (page 14, lines 34-36). A longitudinal design would have 
been preferred but was not practical at the time, though we are now performing a follow-up 




Language could be tightened up in some places. For example, this sentence in the abstract is 
ambiguous: "Children exposed to urban air pollution within London's LEZ showed significant 
reductions in lung volume related to their annual exposures." It seems misleading use of the word 
"reductions" (which could be interpreted as having something to do with the LEZ) when you really 
mean "smaller lung volume associated with higher annual average pollution levels". Please fix here 
and elsewhere in the document.   
  
The language here has been tightened up (page 2, lines 24-25).  
  
  
The manuscript needs one more careful read to fix typos etc.  
  
This has been done.  
  
Table 5, last column, what are the numbers below the p value?  
  
This was simply a formatting issue, which has now been revised.  
  
  
We hope you find our responses acceptable.  
  
  
Yours sincerely, on behalf of the authors,  
  
  
Professor Chris Griffiths MA DPhil FRCP FRCGP  
  
Dr Ian Mudway PhD  
  
  
  
  
  
 
